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ABSTRACT
COMPOSITE FABRICATION AND POLYMER
MODIFICATION USING NEOTERIC SOLVENTS
SEPTEMBER 2009
SCOTT A. EASTMAN
B.S., UNIVERSITY OF WISCONSIN STEVENS POINT
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alan J. Lesser and Professor Thomas J. McCarthy
This thesis is divided into two research initiatives: The fabrication and study of
bulk, co-continuous, cellulosic-polymer composites with the aid of supercritical CO2 (SC
CO2); and the study of poly(vinyl alcohol) (PVOH) modification and surface activity in
ionic liquids.
The first part of this thesis utilizes the tunable solubility, gas-like diffusivity, and
omniphilic wettability of SC CO2 to incorporate and subsequently polymerize silicone
and poly(enemer) prepolymer mixtures throughout various cellulosic substrates.
Chapters two and three investigate the mechanical properties of these composites and
demonstrate that nearly every resulting composite demonstrates an improved flexural
modulus and energy release rate upon splitting. Fire resistance of these composites was
also investigated and indicates that the heat release rate, total heat released, and char yield
were significantly improved upon for all silicone composites compared to the untreated
cellulosic material. Chapter four looks specifically at aspen-silicone composites for
vi
thermo-oxidative studies under applied loads in order to study the effect of silicone
incorporation on the failure kinetics of aspen. The aspen-silicone composites tested
under these conditions demonstrated significantly longer lifetimes under the same loading
and heating conditions compared with untreated aspen.
The second part of this thesis focuses on studying ionic liquids as potentially
useful solvents and reaction media for poly(vinyl alcohol). Two ionic liquids (l-Butyl-3-
methylimidizolium chloride and tributylethylphosphonium diethylphosphate) were found
to readily dissolve PVOH. More importantly, we have demonstrated that these solvents
can be used as inert reaction media for PVOH modification. Both ionic liquids were
found to facilitate the quantitative esterification of PVOH, while only the phosphonium
ionic liquid supports the quantitative urethanation of the polymer. In an attempt to tune
the surface properties of ionic liquid/polymer solutions, PVOH was also partially
esterified with low surface energy substituents. Both surface tension and surface
composition of the ionic liquid/polymer solutions can be manipulated by the
stoichiometric addition of low surface energy acid chlorides. This work on the
modification of PVOH can be directly applied to the modification of polysaccharides
such as cellulose which could have important implications from a sustainability and
energy standpoint.
vii
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CHAPTER 1
INTRODUCTION
1.1 Overview
Industrial and academic processes are continuously scrutinized to improve upon
existing methods. It is no different for composite fabrication and polymer synthesis.
Processing conditions and compatibility of chemical components are tuned in an attempt
to optimize these processes, however the lack of tunable solvent properties is a frequent
limitation. Significant effort has been made to discover new, versatile solvents that can
outperform traditional organic solvents. This dissertation focuses on utilizing two classes
of neoteric solvents, namely supercritical fluids and ionic liquids, which possess superior
tunability and process specificity, to overcome process limitations that until now, have
not been achieved. The two processes addressed in this dissertation are the fabrication of
co-continuous, wood polymer composites (WPCs) and the quantitative modification of
poly(vinyl alcohol) (PVOH). There is an abundance of research focused on these two
particular initiatives, yet the same lasting problem exists in both cases: standard solvents
and methods yield less-than-ideal materials. For this reason, supercritical CO2 (SC CO2)
and ionic liquids have been chosen to address the existing limitations of WPC fabrication
and quantitative modification of PVOH respectively, as each solvent possesses distinct,
advantageous properties that are ideally suited for their specific process.
This dissertation is separated into two main research initiatives which will
demonstrate the vast potential of SC CO2 and ionic liquids on the processes of interest.
Chapters 1-4 focus on exploiting the gas-like diffusivity, solvent tunability, and process
versatility of SC CO2 to fabricate bulk, co-continuous, cellulosic-polymer composites. In
1
this section we have developed a method to incorporate and subsequently react polymer
precursors into bulk, cellulosic materials resulting in a co-continuous network of polymer
within the cellulosic matrix. Mechanical properties and fire resistance performance have
been analyzed and can be manipulated by the type of polymer incorporated into the
cellulosic substrates. Lastly, fire resistance performance, degradation kinetics, and post-
degradation material properties were improved by incorporating and subsequently
crosslinking silicone precursors into cellulosic materials.
Chapters 5-7 focus on studying ionic liquids as effective solvents and reaction
media for the quantitative modification of PVOH. The specific ionic liquids chosen were
inert to reactions with alcohols and thus facilitated the esterification and urethanation of
PVOH. The efficiency and controllability of these reactions was determined. The
substituents chosen for PVOH modification were low surface energy acid chlorides and
isocyanates which were expected to induce surface activity in partially modified PVOH
in ionic liquid solutions. The surface activity of the resulting partially modified PVOH in
ionic liquids have been analyzed by surface tension and surface chemical composition as
a fiinction of the extent of polymer modification.
1 .2 Background
1.2.1 Supercritical Fluids
The review presented here on SC COj is not exhaustive, but it is provided to
describe certain elements pertinent to the research presented in this dissertation and
highlight specific examples that compliment the importance and impact of this work. By
definition a supercritical fluid is any chemical substance that is above its critical
2
temperature and pressure, but this definition says nothing about the physical
characteristics of this state. Looking at Figure 1 . 1 , the point at which the hquid/gas phase
line ends is defined as the critical point, and any temperature and pressure above this
point is within the supercritical phase. At and above the critical point the gas phase and
liquid phase become indistinguishable and a transition to a discrete physical state occurs.
temperature
Figure 1.1: Phase diagram of carbon dioxide depicting the points of interest along the
temperature pressure graph which demonstrates the progression of a two phase liquid/gas
environment to a single supercritical phase'.
The properties of a supercritical fluid are such that they behave in a manner in-
between the properties of a liquid and a gas. Table 1 . 1 shows a comparison of selected
physical properties in the liquid, gas, and SCF states. Supercritical fluids can be
compressed much like a gas, (Figure 1.2) making supercritical fluids much more tunable
3
than conventional solvents. By controlling temperature and pressure, one can tune the
density of the SCF, which in turn affects the solvating properties of these fluids.
Solubility of a solute in SCFs typically increases with an increase in density at constant
temperature. Increasing the temperature of the SCF at constant pressure, however, may
or may not increase the solubility of a solute in an SCF .
Property Liquid Supercritical Fluid Gas
Specific Gravity
600-900 100-900
~2
(kg/m )
Viscosity
iq^Iq.,
(Pa*s)
Diffusivity jg.,
(m Is)
Table 1.1: Properties of carbon dioxide in its various fluid phases.
The tunability of solubility parameters, liquid-like densities, and gas-like
difflisivities characteristic of supercritical fluids are just a few of the many advantages
that these solvents have over traditional, liquid solvents. CO2, in particular, is an
appealing solvent, especially for sustainable, green processes, as this solvent is non-toxic,
non-flammable, easily recoverable, and easily removed from most substrates. In addition
the critical point for carbon dioxide (31 °C and 7.38 MPa or 1070 psi) is easily attainable
by industrial techniques. The research discussed in the following three chapters has taken
advantage of the liquid-like density, gas-like diffusivity, and innately benign nature of SC
CO2 to fabricate co-continuous, cellulosic-polymer composites.
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Figure 1.2: Controllability of carbon dioxide density as a function of pressure and
temperature^.
1.2.2 Supercritical CO2 Processing
There have been several reviews on SC CO2 and its many applications'*'^. In
general, SC CO2 is used as an extraction and purification media, reaction media, and
processing media. Extraction of chemical moieties from solid and liquid substrates,
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whether they are impurities or useful compounds, has been studied both for industrial and
academic purposes using various solvents and extraction techniques. Soxhlet extractions
using traditional liquid solvents can be sufficiently effective for many applications, unless
increased selectivity of the extraction process or a more biologically benign solvent is
desired. One notable example is the extraction of caffeine from coffee beans. Benzene,
chloroform, and dichloromethane have all been used in the past to extract caffeine from
coffee beans, and for obvious health reasons a safer extraction solvent was required. SC
CO2 was proven to be an alternative extraction medium that was safe, selective, and
efficient for extracting caffeine^. Nut and seed oils, herbal medicines, and other natural
organics have also been extracted and isolated from natural materials with good
7 8
efficiency using SC CO2 ' . The primary advantage of using SC CO2 for extracting
chemical moieties is its tunable solvating power which can be adjusted to selectively
extract specific compounds while leaving other organic materials within the substrate^.
This is done by adjusting the pressure and temperature of the supercritical fluid and
therefore its density and solubility. Changing these properties affects the overall solute
elution rate from the substrate as solute permeability is proportional to the solute
solubility in the SCF and solute diffusivity through the substrate'^. For synthetic
polymer systems, SCF extraction has been used as a method to analyze material purity in
commercial products, remove residual monomer and catalyst from polymers, and has
been used to increase biocompatibility in certain device applications'* ".
Most low molecular weight, organic materials, silicones, and fluorinated
materials, including poly(tetrafluoroethylene) at certain conditions, are appreciably
soluble in SC CO2 ^ '^"'^ Taking advantage of this solubility, the formation of
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carbamates"', hydroformylations'^ '*^, silylation of silica'*^, and hydrosilations^*^ arc just a
few examples of the reactions carried out in SC CO2. Several polymerizations have also
212^ 20 2425 26
been demonstrated including radical ' ^, dispersion^
,
ring opening ' ' , and anionic .
The superior tunability and low reactivity of SC CO2 are the primary characteristics
responsible for making this solvent so versatile to so many chemistries.
Another primary advantage to using SCFs is that they possess gas-like properties
such as zero surface tension and improved diffusivity. The effect of zero surface tension
plays a role in increasing reaction efficiency, relative to heterogeneous reaction systems,
which frequently require phase transfer catalysts to be added in order to facilitate the
migration of reagents across the interface by reducing the interfacial energy between the
two phases. SCFs are devoid of surface tension, thus there is no interfacial energy
between the solvent and the substrate. This allows for complete wetting of the SCF with
the substrate and intimate contact between the CO2 soluble reagents and the solid
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substrate, thus facilitating the reaction of the two chemical moieties .
The gas-like diffusivity of SCFs plays an important role in the fast penetration of
the solvent and solute into bulk substrates and allows chemical reactions to occur within
the bulk of the substrate matrix " ' ' . This process is fiarther aided by the swelling of
amorphous polymers in the presence of SC CO2 which leads to significant
plasticization^^. Watkins and McCarthy were the first to implement this processing
strategy to incorporate styrene monomer and radical initiator into bulk polyethylene and
poly(chlorotrifluoroethylene) using SC CO2 and subsequently polymerize the monomer to
create a kinetically trapped polymer composite^\ Caskey et. al. has used a similar
process to improve interfacial adhesion between nylon fibers and a poly(methyl
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methacrylate) matrix" . This work will be further extended in this dissertation to
fabricate functional, co-continuous, cellulosic-polymer composites and study their
resulting material properties.
1.2.3 Wood-Polymer Composites
Wood is an amazing material having high specific strength and stiffness and low
manufacturing costs, making it both useful and versatile. Flammability, mechanical
anisotropy, and degradability, however, are inherent problems that limit the range of
wood's usefulness in many applications^'. Several approaches have been employed in
order to address one or more of these flaws and have demonstrated various levels of
success. Methods for fabricating wood-polymer composites typically include doping
wood with chemical additives or processing wood particles of various sizes with an
assortment of polymers and other additives " . Additives such as chromated copper
arsenate (CCA) and alkaline copper quaternary compound (ACQ) have been used in the
past to address the susceptibility of wood to biological degradation. Their incorporation
into wood is done by forced diffusion at moderate pressures (140 - 300 psi). The inherent
problem with this process is that these water soluble additives are not bound to the
cellulosic substrate and will leach out over time, especially if these composites are
exposed to environmental conditions. Due to an increased concern of the toxicity of
these additives, significant effort has been taken to find environmentally benign
36 38
alternatives and improve on the composite fabrication process in its entirety " .
One way to minimize the leaching of additives is to chemically immobilize them
within the matrix. This can be done by either reacting additives with the hydroxyl groups
in the cellulosic matrix or reacting them with other additives to effectively immobilize
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the additive component. Examples of reacting additives with hydroxyl groups on
cellulose include introducing chlorosilanes or isocyanates in conjunction with
organophosphorous compounds, while examples of additive immobilization include
incorporation of tetraethoxysilane (TEOS) and other alkoxysilanes into wood to create an
inorganic matrix throughout the wood substrate by standard sol-gel processes^
While these methods address the leaching problem by effectively immobilizing the
additives after incorporation, these processes are limited by the slow diffusion of liquids
through solid substrates and therefore the sample sizes of the wood substrates are limited
to small particles and wood flour.
To address the mechanical anisotropy and high flammability of cellulosic materials
the blending of natural wood fibers or particles with various polymers has been
accomplished in such examples as plywood, fiberboard, and various other wood polymer
composites (WPCs). To address the mechanical anisotropy, polyethylene, polyvinyl
chloride, polypropylene, polystyrene, and poly(acrylonitrile-butadiene-styrene) have all
been used as the continuous phase and mixed with wood fibers or wood flour for the
fabrication of WPCs^^'^^''**^''*\ These composite materials are usually much tougher
materials than untreated wood, however strength and density are typically sacrificed as
the continuous phase of the composite materials are thermoplastics of lower modulus
than the cellulosic material^^ "^^. Having a synthetic polymer as the only continuous phase
in the wood-polymer composites imposes a significant amount of creep in these materials
at elevated temperatures and become liquid-like well below their ignition
temperature^^'^^. To address the flammability issue other WPCs incorporate metal
hydroxides along with wood flour into the thermoplastic matrix to improve the fire
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resistance of these materials . While fire resistance of these materials may show
improvements in ignition resistance and even total heat released upon combustion, the
mechanical properties are typically not reported under these conditions.
There have been several efforts describing the process to make novel polymer-
polymer blends by impregnating and subsequently polymerizing different monomers into
various polymers. The first and most notable efforts by Watkins et. al. have
demonstrated the ability to incorporate styrene monomer and a radical initiator into bulk
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polyethylene and polychlorotrifluoroethylene samples using supercritical CO2 ' . We
have established a method to create novel WPCs by utilizing supercritical CO2 as a
solvent, transport, and reaction medium. By modifying methods developed for
supercritical CO2 polymer blend fabrication and applying it to natural materials, the first
part of this dissertation will demonstrate that polymer precursors can be incorporated into
cellulosic substrates and subsequently polymerized to improve both mechanical and fire
resistance properties.
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CHAPTER 2
FABRICATION AND ANALYSIS OF BAMBOO-SILICONE AND BAMBOO-
POLYENOMER COMPOSITES
2.1 Introduction
The wood composite industry has boomed to over $1 bilHon in the last decade due
to the demand for new materials that not only have improved mechanical properties and
reduced maintenance costs, but also to meet the environmental regulations set on these
materials . Increased strength, mechanical isotropy, fire-resistance, and rot resistance
are just a few of the desired attributes needed to improve these already versatile and
renewable resources . In order to address one or more of these needs, natural materials
are usually doped with different additives or chopped into particles of various sizes and
blended with an assortment of polymers and additives ' . While each approach has its
distinct advantages, none of the processes can achieve high additive incorporation into
bulk, natural substrates while maintaining or improving the mechanical properties of that
substrate.
In this chapter we demonstrate an incorporation of prepolymers into cellulosic
materials to fabricate co-continuous WPCs. This is done by utilizing supercritical CO2 as
a solvent and transport medium for the prepolymer into the cellulosic substrates. This
method exploits the gas-like difftisivity and omniphilic wetability of supercritical CO2, to
incorporate silicones and cyclodiene monomers into bamboo templates, which were then
crosslinked to improve mechanical properties and fire resistance. Bamboo was chosen as
the first substrate to be studied because of our interest in addressing the extensive
mechanical anisotropy and susceptibility to splitting. In addition, bamboo has many
advantages from a sustainability standpoint, as bamboo grows much faster than
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hardwoods and softwoods and can be grown in almost any climate. While primarily used
in Asia, it has become increasingly popular in other parts of the world including the
United States in applications ranging from cutting boards to building material s'*^ '*^. We
show that improvements can be made on this morphologically and mechanically complex
cellulosic material. More importantly, however, these improvements can most likely be
implemented in any other cellulosic material.
In order to improve the fire resistance performance of bamboo, we chose to
incorporate silicone precursors into bamboo and subsequently crosslink them in-situ.
There are several reasons for choosing silicones as our initial additive reagents. First,
silicones are known to dissolve readily in SC CO2 making CO2 an excellent solvent and
transport medium for these reagents. Silicones have been demonstrated to improve fire
resistance in certain composite systems^"*'^'. Leaching of these water insoluble and
environmentally benign materials should be negligible since the crosslinking will
immobilize the additives inside the bamboo template. Lastly, these additives should
decrease water uptake in cellulosic-silicone composites and may lead to decreased
warping and increased rot resistance.
Cyclic dienemers were chosen for incorporation and subsequent ring opening
metathesis polymerization into bamboo substrates for their potential to increase both
mechanical strength and toughness. Both polymers in their neat state are tough materials
that may improve splitting resistance in bamboo substrates.
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2.2 Experimental
2.2.1 Materials
Bamboo was purchased from Hadlcy Garden Center in Hadley, Massachusetts.
1 ,3,5,7-tetravinyl- 1 ,3,5,7-tetramethylcyclotetrasiloxane (D4V), 1 ,3,5,7-tetramethyl
cyclotetrasiloxane (D4H), polymethylhydrosilane, 1,800 Mw (PMHS), vinyl-terminated
polydimethylsiloxane, 28,000 Mw (PDMS-V), and Karstedt's catalyst (2.1-2.4% in
xylene) were purchased from Gelest and used without ftirther purification.
Cyclooctadiene (COD) and dicyclopentadiene (DCPD) were purchased from Aldrich,
dried over sodium and distilled at reduced pressure before use. Figure 2.1 depicts all of
the composite prepolymers used in the composite fabrication. Methylene chloride was
purchased from Aldrich, dried over Calcium hydride and distilled at reduced pressure
before use. Grubbs second generation catalyst was purchased from Aldrich, ethanol was
purchased from the Fisher Chemical Co., and compressed carbon dioxide and oxygen
were purchased from Merriam Graves. Unless otherwise stated, all chemicals were used
as received.
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Figure 2.1: Schematic of all prepolymer reagents used for bamboo-polymer composite
fabrication. A) D4H, B) PMHS, C) cyclooctadiene, D) dicyclopentadiene, E) vinyl
terminated PDMS, and F) D4V.
2.2.2 Bamboo Sample Preparation
A large bamboo culm (stalk), having an inner and outer diameter of approximately 8
and 10 cm respectively, was cut into 4 cm long cylindrical cross sections. These
cylindrical cross sections were segmented into samples which would be appropriate for
our supercritical fluid reactor, approximately 1x1x4 cm sections. Figure 2.2 depicts
the typical morphology of bamboo as well as the sample geometry used in the fabrication
of the composites.
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Figure 2.2: Optical images showing A) a cross section of bamboo indicating the increase
in fiber density from the inner periphery to the outer periphery. B) the typical sample
geometry.
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2.2.3 Instrumentation
Samples were purified using a high pressure CO2 pump from Thar Designs and a
model 260D syringe pump combined with an Isco Series D pump controller for the
ethanol co-solvent. X-ray photoelectron spectroscopy (XPS) was carried out using a
Quantum 2000 Scanning ESCA microprobe (Physical Electronics). Infrared spectra were
recorded on a Horiba Jobin Yvon HR800 spectrometer equipped with an ATR-IR lens.
Mechanical analysis was preformed on an Instron 441 1. Thermogravimetric analysis was
performed on a TGA 2950 Thermogravimetric Analyzer from TA Instruments. Pyrolysis
data was collected using a pyrolysis combustion flow calorimeter (PCFC) certified by the
FAA.
2.2.4 Purification of Bamboo
Bamboo samples were weighed, placed in a high pressure vessel, and purified by a
continuous SC CO2 extraction process assisted with ethanol. Similar extractions have
7 8been reported to extract certain organic compounds from natural materials ' . The
extraction apparatus was designed with two pumps, a Thar Designs master pump to
control the pressure of CO2 and a second Isco D260 syringe pump to control the flow rate
of ethanol. The flow rate out of the system was set to a constant rate and controlled by a
flow regulator. The pressure of CO2 was maintained at a constant pressure of 2500 psi
and the ethanol co-solvent was set to a constant flow rate of 0.25 mL/min. The solvent
mixture was allowed to flow through the sample holder, which was maintained at 70 °C
for three hours. The extractant was allowed to bubble through a trap filled with ethanol.
After the extraction was completed, the samples were dried at reduced pressure
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overnight, weighed again, and placed in a desiccator until ftirther testing was required. A
schematic of the purification setup is shown in Figure 2.3. A small amount of material (<
1 wt. %) was extracted from the bamboo samples. The extracted material was analyzed
by ATR-IR and indicates that hydrocarbons were removed (Figure 2.4). The extractant is
most likely a combination of lignan and small molecule hydrocarbon moieties.
SC CO2
Pump
2500 psi
Ethanol
Pump
0.5 mL/min
0
0-1 Sample 1-0
Q
Pressure regulator
Figure 2.3: Schematic of the supercritical extraction setup for substrate purification.
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Figure 2.4: IR spectrum of extracted material using a supercritical CO2 extraction process
showing that hydrocarbons were extracted.
2.2.5 Preparation of Bamboo-Silicone Composites
A schematic of the composite fabrication process is shown in Figure 2.5. In general,
SCF-extracted bamboo samples were weighed and placed in a high pressure reactor along
with enough prepolymer solution to cover the bamboo samples (approximately 6 mL).
The reactor was then sealed, heated to 50 °C, pressurized to 2500 psi with CO2, and
equilibrated for 24 hours. The vessel was then slowly depressurized to atmospheric
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pressure over 4 hours, opened, and loaded with 50 |iL of the prepared catalyst solution.
The vessel was sealed and shaken vigorously to ensure good mixing of the catalyst into
the prepolymer mixture. After mixing, 60 psi pure oxygen was added to the vessel. The
reaction vessel was heated to 70 °C and CO2 was again added to the vessel to bring the
pressure to 2500 psi. Without the addition of a small amount of oxygen, the platinum
catalyst tends to deactivate over time by forming platinum black aggregates. The oxygen
48
acts as a co-catalyst, suspending the platinum deactivation .
Composite Name Prepolymer Components Si-H : Vinyl
Ratio
SCFE Bamboo None
Si-1 D4H + D4V 1:1
Si-2 PMHS + D4V 5:1
Si-3 PMHS + V-term PDMS 5:1
Ene-1 Cyclooctadiene
Ene-2 Dicyclopentadiene
-
Table 2.1: Prepolymer component mixtures used for fabrication of bamboo-polymer
composites.
The hydrosilation reaction was allowed to proceed at 70 °C and 2500 psi overnight,
after which the vessel was depressurized to atmospheric pressure over 4 hours. A
representative hydrosilation reaction is depicted in Figure 2.6. The samples were cleaned
of residual crosslinked silicone, dried at reduced pressure, and weighed.
Specifically, a catalyst solution of 20:1 by volume, of (D4V) with Karstedt's catalyst
was prepared and used to catalyze all of the hydrosilation reactions in this and subsequent
chapters. Composite Si-1 was prepared by mixing D4H and D4V to obtain the
appropriate Si-H : Vinyl ratio as noted in Table 2.1 and loading it into the reactor to
entirely cover the bamboo samples (approximately 6 mL). Composites Si-2 and Si-3
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were prepared in much the same manner except that the catalyst solution was added to
the respective prepolymer mixtures and stirred vigorously before introducing the silicone
mixtures into the reaction vessel. This was done because Si-2 and Si-3 silicone mixtures
were too viscous for rapid dissolution of the catalyst solution. The vessel was then
sealed, oxygen and CO2 were added and the mixtures were equilibrated for 24 hours at 50
°C. The temperature was then increased to 70 °C and the reaction was allowed to
proceed for another 24 hours to fiilly crosslink the reagents.
Figure 2.5: Schematic of the composite fabrication process used to make all cellulosic-
polymer composites.
Figure 2.6: Representative reaction scheme of one of the hydrosilation reactions used to
make cellulosic-silicone composites.
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2.2.6 Preparation of Bamboo-Poly(alkenemer) Composites
Composites Ene-1 and Ene-2 were made by in-situ ring opening metathesis
polymerization ofCOD and DCPD respectively (Table 2.1 ). Composites Ene-1 and Ene-
2 were prepared by similar methods as described for the preparation of Si-1 composites.
Bamboo samples were placed in a high pressure vessel and purified monomer was added
to fully cover the samples. The vessel was then sealed, heated to 50 °C, and filled with
CO2 to a pressure of 2500 psi. The monomer was allowed to soak for 24 hours after
which time the vessel was depressurized and catalyst was added. The catalyst was
prepared by dissolving Grubb's second generation catalyst in methylene chloride (Img in
ImL MeCb). The vessel was pressurized again to 2500 psi and heated to 70 °C for a
period of 24 hours to allow the polymerization to occur. All samples were dried under
high-vacuum after being removed from the reaction vessel. A representative ROMP
reaction is depicted in Figure 2.7.
Grubb's Catalyst
Figure 2.7: Representative reaction scheme of a ring opening metathesis polymerization.
2.2.7 Characterization of Composites
2.2.7.1 Density Measurements
Density measurements of each composite were determined by averaging the densities
of at least three samples of each composite. The mass of each sample was recorded
before coating them with a thin layer of paraffin wax to prevent water uptake into the
bamboo samples. Each sample was then submersed in a graduated cylinder and the
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volume displacement was recorded. The density measurements from each composite
were averaged to give the reported values seen in Table 2.2.
Sample Mass Uptake
(%)
Density
(g/cm^)
Silicon
(%)*
Expected Silicon
Content (%)t
SCFE Bamboo 0 0.71 5 5
Si-1 41.0 0.93 28 25
Si-2 11.3 0.78 30 30
Si-3 11.1 0.79 23 25
Ene-1 18.5 0.84 6 5
Ene-2 9.8 0.77 5 5
Table 2.2: Material properties of bamboo and resulting bamboo-polymer composites.
Silicon content was determined by XPS. ^Expected silicon content was calculated given
the chemical compositions of each silicone mixture.
2.2.7.2 Spectroscopic Techniques
Cross sections of each sample were cut through the center of the specimen. These
sections were then analyzed by ATR-IR and XPS.
2.2.7.3 Thermogravimetric Analysis (TGA)
Samples were analyzed to determine the onset of degradation as well as identify
characteristic degradation fingerprints of the additives in each composite. Samples were
heated from 23 °C to 800 °C at a rate of 10 °C per minute under a nitrogen atmosphere.
2.2.7.4 Three Point Bend Test
From beam theory, if a point load (P) is applied to a beam that is simply supported at
two points, the combination of the resulting forces at each point {Ra) and {Rb) will be
equal and opposite to the point load (Figure 2.8).
R^+R,-P = 0 Eq. 2.1
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The bending moment, M (jc), for a beam supported in this fashion is:
Ph
Mix) =— x-P{x-a) Eq. 2.2
where L is the length of the beam, a is the length of segment a, h is the length of segment
b from Figure 2.9. The brackets from equation Eq. 2.2 take on a value of:
,
V f 0 x<a(x-a) = \ Eq. 2.3
^
^ [{x-a) x>a
The bending moment can be related to the second derivative of the beam deflection as
expressed by:
^ =4 Eq.2.4
EI dx'
where E is the flexural modulus and / is the moment of inertia as defined by the sample
geometry. In our specific case, the distance a = b ^ L/2 and the maximum deflection is
located in the middle of the specimen and expressed as:
PL^
5 =-^^ Eq. 2.5
Thus the flexural modulus, E, can be determined by rearranging equation 2.5 to give:
PL^
E = Eq. 2.6
The dimensions of each sample were measured, accounting for the trapezoidal shape of
the sample specimens thus the moment of inertia for a trapezoid is
/, =— ^— Eq. 2.7
36(h', + wj
where h is the height of the trapezoid and w, and w/, are the top and bottom widths of a
trapezoid respectively. Since the geometry of the each bamboo sample is measured and
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the Instron outputs both load and deflection, the flexural modulus is determined by
plotting P vs. 6 where the slope of the line {m) is:
48£'/
m - Eq. 2.8
In our experiments, bamboo samples were placed in the three point bend apparatus so
that the inner periphery of the bamboo sample was under tension (see Figure 2.9). The
span width was set to 35 mm and the crosshead speed was set to 10 mm/min. The
flexural modulus of all composites were determined by the following method.
p
Figure 2.8: A diagram of a simply supported beam under an applied load (P).
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Figure 2.9: Image of the 3-point bend apparatus used to measure flexural properties of all
cellulosic materials and composites. The bending of a bamboo sample is shown in this
picture depicting that the outer periphery is always under compression (on top).
2.2.7.5 Wedge Opened Double Cantilever Beam Test (WODCB)
A wedge opened double cantilever beam method is used to measure the energy
release rate (Gic) of all bamboo composites. A schematic of the test method is shown in
Figure 2.10. The beam is split down the middle such that the height of each beam (h) is
identical thus the deflection (5) of each beam is also the same.
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Figure 2.10: A diagram of a sample split down the center with a wedge of thickness A
and crack length a.
Using the energy approach that Griffith has established, an energy release rate at constant
displacement can be derived'*^
G,,=-—A'— Eq.2.9
2b da
where b is the width of the sample, S is the stiffness of the system, a is the crack length
and A is the total displacement of the system. The stiffness of the system can be defined
in terms of the length of the crack by equations 2.10 through 2.12.
S = - Eq. 2.10
A
A = 2S =^^ Eq.2.11
3EI
S =^ Eq. 2.12
2a'
Where E is the flexure modulus, / is the bending moment, and P is the applied load. The
deflection of each beam (S) is known from the solution for the maximum deflection of a
single cantilever beam where the crack length is equal to the length of the beam.
dS 9EI
da 2a
Eq.2.13
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Substituting equation 2.13 into equation 2.9 the energy release rate can is:
G,r = T- Eq. 2.14
For our results, E was determined by the three point bend method previously discussed
and A was determined by measuring the thickness of the wedge.
The experimental setup is shown in Figure 2.11. Bamboo samples were held
vertically with a fixed clamp on the bottom of the specimen. A razor blade was affixed to
the mobile, upper clamp and forced into the center of the length of the bamboo. Crack
lengths were determined by imaging the crack using a Panasonic GP-KR222 industrial
color CCD camera.
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Figure 2.11: Schematic of the wedge opened double cantilever beam set-up for
measuring the energy release rate of bamboo and bamboo-polymer composites.
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2.2.7.6 Pyrolysis Combustion Flow Calorimetry (PCFC)
Fire resistance parameters, namely heat release rate (HRR), total heat release
(Total HR), and char yield, were determined using the pyrolysis combustion flow
calorimetry technique. All samples were prepared by cutting a 3 mm cross-section out of
the middle of sample. The edges of each cross section were removed to assure that no
residual polymer from the outer part of the sample was included in the analysis. The
cross sections were cut into 2-5 mg samples and analyzed in a Federal Aviation
Administration (FAA) certified PCFC (See Figure 2.12). The pyrolyzer was set to an
initial temperature of 1 10 °C and the combustion chamber was set to a constant 900 °C.
The sample was introduced into the pyrolysis chamber and allowed to equilibrate for two
minutes to remove any residual water from the samples. The temperature of the chamber
was then ramped at a constant heating rate of 1 °/sec up to 850 °C. HRR, total HR, and
char yield were determined for unmodified bamboo and all bamboo composites. A
decrease in both the energy release rate and the total energy released in conjunction with
an increase in char yield indicates an improvement in the fire resistance of a material.
The FAA has set benchmarks for classifying the fire resistance of a material based on the
HRR of a material. Materials having greater than 400 J/(g K) are considered flammable,
between 100-400 J/(gK) materials are considered moderately fire resistant, and any
material below 100 J/(g K) is ultra fire resistant.
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Figure 2.12: Schematic representation of the pyrolysis combustion flow calorimeter.
2.3 Results and Discussion
2.3.1 Purification of Bamboo '
In an attempt to establish a more chemically consistent starting material and induce
an added level of mechanical reproducibility to bamboo samples, three different
purification techniques were explored. Initial bamboo purification methods were
designed from previous work^°. Su et. al. established a complex soxhlet extraction
schedule to remove a variety of small molecule impurities such as fats, oils, resins, and
inorganic salts^*\ Samples were extracted with a 2:1 mixture of ethanol / benzene by
volume for two days, diethyl ether for two days and water for eight hours. While this
extraction method yields purified bamboo that can be used to fabricate the desired
bamboo / polymer composites, the method is time intensive and the solvents are toxic and
highly volatile. In addition, this method is less than ideal for purifying larger samples as
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the rate of liquid solvent diffusion is significantly slower compared to a gas or
supercritical tluid; thus SCF extraction was looked at as a way to effectively purify
cellulosic materials.
The initial SC CO2 extraction design was set up to administer a continuous flow of
pure SC CO2 over the bamboo sample specimens. Several extraction schedules were
tried ranging from 40-80 °C, 1500-4000 psi, and 2-24 hours, however very little material
was extracted. Subsequent hydrosilation and ring opening reactions carried out within
these bamboo samples were poisoned by the presence of residual impurities, resulting in
little to no reaction of the prepolymer.
The method presented in the experimental section uses a co-continuous SC CO2 /
ethanol extraction method to assist in the diffusion of the ethanol co-solvent through the
bamboo substrates. Advantages of this method over the initial soxhlet extraction
technique include reduced toxicity and significantly reduced extraction times (from 5
days to 3 hours). This purification method efficiently facilitates the purification of the
bamboo substrates and the reaction of incorporated prepolymer.
.
2.3.2 Bamboo-Silicone Composite Characterization
The incorporation of silicone was determined by optical microscopy, IR, XPS, mass
uptake, and TGA, the first three of which were used to ensure that silicone was
completely incorporated throughout the entire cellulosic substrate. Looking at the optical
images of cross sections of bamboo samples (Figure 2.13), it is apparent that vacant
vessels present in the unmodified bamboo are completely filled after the incorporation
and crosslinking of the silicone precursors. Figures 2. 14 and 2.15 show the IR spectra of
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cross sections of each composite. The pure crosslinked siHcone shows characteristic
peaks at 2953 cm"', 2837-2916 cm'', 2150 cm"', and 1258 cm"', which are associated with
methyl stretching, methyl and methylene stretching, Si-H stretching, and methyl bending
respectively and are absent in the unmodified bamboo. The peaks at 2950cm"' and 1258
cm"', indicative of the methyl groups on the silicone additive, are more intense for
composite Si-3 whereas the peak at 2200cm"' is nearly absent. This is due to the nature
of the silicone additive which is made from high molecular weight, vinyl terminated
PDMS and has a significantly higher ratio of methyl groups to Si-H moieties compared to
the other composite additives. The presence of these silicone peaks in all of the
composites suggests that the silicone has been completely incorporated throughout the
bamboo. Figure 2.16 shows an elemental map of a cross section of unmodified bamboo
and composite Si-1, showing the distribution of silicon in a specified area. It is common
to see about 3-5% silicon impurity in these natural materials, but it is clear that the silicon
concentration of the modified bamboo is significantly higher than 3-5%. It is apparent by
mass uptake (shown in Table 2.2) that lower molecular weight silicones diffuse into the
bamboo more readily. Even though SC CO2 is a good solvent for silicones, diffusion of
higher molecular weight silicones through the bamboo is hindered due to molecular size.
Increasing the diffusion time before crosslinking the silicones can improve the mass of
silicone incorporated into the bamboo.
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Figure 2.13: Optical images of A) purified bamboo and B) bamboo after incorporation
and subsequent hydrosilation of D4H : D4V mixture. The arrows indicate the vessels in
the bamboo microstructure which have been filled in the image of the bamboo-silicone
composite. The scale bars indicate 50 |im.
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Figure 2.14: ATR-IR spectra of bamboo-silicone composites and their individual
components.
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Figure 2.15: A closer look at the characteristic silicone peaks (Si-H at 2200 and alkane-
silicone 2950).
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Figure 2.16: XPS map of silicon for A) unmodified bamboo and B) bamboo after
incorporation and subsequent hydrosilation of D4H : D4V mixture. Scale bars indicate the
amount of silicon present for each map. Note that the scales are not the same and lighter
colors indicate more silicone.
Thermogravimetric analysis shows further evidence of silicone incorporation by
assessing the degradation trends of each of the composites compared to the unmodified
bamboo as shown in Table 2.3. It is apparent that the onset of degradation and the peak
degradation are shifted to higher temperatures with the addition of silicone into bamboo.
With the incorporation of over 18% silicone (by weight) a third degradation peak is seen
around 550 °C which correlates with the peak degradation temperature of silicone as
shown in Figure 2.17. The greatest improvement in char yield is seen in composite Si-1
due to the greater total incorporation of silicone and the high crosslink density of the
silicone (Figure 2.18). Composites Si-2 and Si-3 actually show a slight decrease in char
yield. This can be explained by looking into the decomposition mechanism of silicones.
Linear silicones are known to degrade to cyclic trimers, tetramers, and pentamers upon
heating '
. Composites Si-2 and Si-3 are comprised of linear silicones which can
undergo such depolymerization. The resulting cyclic siloxanes would then evaporate
from the system leaving less char than even the unmodified bamboo. Si-1 is already
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composed of cyclic tetramers that are extensively crosslinked by hydrosilation.
Furthermore, the cyclic silicone rings were to open, the resulting product would still be
held together by the ethylene crosslinks.
Composite
Initial Onset
(°C)
Peak
Decomposition
(°C)
Third
Decomposition
Onset (°C)
Char
(wt%)
SCFE Bamboo 252 338 24
Si-1 273 338 541 56
Si-2 269 364 23
Si-3 271 361 22
Ene-1 251 354 441 22
Ene-2 262 362 22
Table 2.3: Summary of the thermal degradation characteristics of all bamboo-polymer
composites from TGA analysis.
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Figure 2.17: TGA data of purified bamboo and bamboo-silicone composites showing the
derivative of mass loss with respect to temperature vs. temperature.
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Figure 2.18: TGA data of purified bamboo and bamboo-silicone composites showing
mass loss vs. temperature.
2.3.3 Bamboo-Poly(alkenemer) Composite Characterization
Analysis of the incorporation of poly(alkenemer) into bamboo was more difficult than
for the silicone composites since there are no distinct chemical characteristics that would
stand out in either IR or XPS analysis. Therefore, in order to determine polymer
incorporation, we studied mass uptake and TGA data of samples both before and after
polym(alkenemer) was added. A slight increase in mass, as seen in Table 2.2, after
thoroughly drying the composites, suggests that polymer is present inside the bamboo.
TGA analysis shows distinct differences in the decomposition characteristics. Figures
2.19 and 2.20 indicate a third degradation onset peak characteristic of the
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poly(alkenemer), and an increase in the total mass loss for the poly(alkenemer) composite
respectively. The decrease in char yield (increase in mass loss) is expected since a
greater amount of combustible material is present in the poly(alkenemer) composites
compared to the unmodified bamboo. The third peak around 450 °C and the shift in
decomposition onset and peak decomposition to higher temperatures suggests that
incorporation of poly(alkenemer) has occurred and contributes to the combustion of the
composite samples (Figure 2. 19). The complete details of the degradation trends for each
bamboo-poly(alkenemer) composite can be seen in Table 2.3.
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Figure 2.19: TGA data of purified bamboo and bamboo-polyalkenomer composites
showing the derivative of mass loss with respect to temperature vs. temperature.
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Figure 2.20: TGA data of purified bamboo and bamboo-polyalkenomer composites
showing mass loss vs. temperature.
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2.3.4 Mechanical Properties of Composites
Modulus and energy release rate of each composite were analyzed and compared with
the unmodified bamboo. Table 2.4 illustrates the mechanical properties of each
composite. Nearly all of the composites show an improvement in both energy release
rate and modulus compared to the purified bamboo. We note that composite Si-1, which
has the highest incorporation of polymer as well as the highest crosslinking density,
shows no improvement to the mechanical properties. Rubbery additive materials such as
the poly(alkenemers) and the lightly crosslinked silicones significantly increase both
modulus and toughness.
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For comparison purposes, all prepolymer mixtures were crosslinked without bamboo
and with the identical catalyst loadings and reaction temperatures that were used to
fabricate the bamboo-polymer composites. The only difference in the reaction schemes
were that the neat silicone mixtures were carried out in air at atmospheric pressure. The
resulting crosslinked silicones were molded into films for tensile tests and cylinders with
a radius to length ratio of 1 : 1 for compression tests. The mechanical properties of the
respective crosslinked samples were analyzed under tension and compression using an
Instron 4400 equipped with a 500 Kg load cell. A summary of the mechanical properties
of each sample are listed in Table 2.5. Si-1, which is a glassy crosslinked silicone due to
the extremely high crosslink density compared to the other silicones, demonstrates the
highest compressive strength. Tensile data for this composite was not able to be
measured as it is too brittle to fabricate and test under tension. Si-2 and Si-3 display
similar compressive and tensile moduli, but it is observed that Si-3 is significantly
tougher. This increase in toughness is due to the high molecular weight PDMS
component and lower crosslink density. -
The data clearly indicates an increase in modulus with the incorporation of a rubber
component whereas the glassy, high modulus silicone does not affect the modulus of the
bamboo. It was expected that the rubbery additives would increase the energy release
rate of the bamboo composites however the increase in modulus was unexpected. The
flexural modulus should be dominated by the fibers present in the bamboo, which were to
remain unaffected by the composite fabrication process as SC CO2 does not typically
affect well ordered morphologies such as crystals or fibers^"*. The material toughness as
measured by the wedge-opened double cantilever beam experiments is more sensitive to
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the matrix material which should be effected by the polymer incorporation process, and is
apparent given the increase in energy release rate for the rubbery additives.
Sample Modulus (GPa) G,c (kJ/m^)
SCFE Bamboo 7.0 0.11
Si-1 7.0 0.14
Si-2 7.6 0.44
Si-3 8.6 0.48
Ene-1 9.8 0.45
Ene-2 9.1 0.51
Table 2.4: Flexural modulus and energy release rate of bamboo and bamboo-silicone
composites.
Reacted Ec^ oc'' Ey <Tx
^
Prepolymer Only (GPa) (MPa) (GPa) (MPa)
Si-1 1.90 > 12.0 N/A' N/A'
Si-2 0.10 0.160 0.22 0.160
Si-3 0.09 0.450 0.11 0.557
Ene-1 ' N/A N/A N/A N/A
Ene-2 ^ 1.54 66.4 0.93 60.5
Table 2.5: Mechanical properties of the pure, reacted prepolymer mixtures. ^Average
compressive modulus. ''Average ultimate compressive stress. '^Average tensile modulus.
'^Average ultimate tensile stress. '^Tensile properties could not be measured for Si-1 as the
composites were to brittle for sample preparation. Pure poly(cyclooctadiene) is a liquid
at room temperature thus the mechanical properties are not available. ^Values for the
mechanical properties of poly(dicyclopentadiene) were taken from the literature
2.3.5 Pyrolysis Combustion Flow Calorimetry
Table 2.6 summarizes the pyrolysis data of each composite. Composite Si-1
shows the greatest improvement in fire resistant properties, whereas the other silicone
composites show only slight improvement. This improvement is due to the greater extent
of silicone incorporation in composite Si-1 compared to the other silicone composites.
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Sample Mass Uptake HR Capacity Total HR Char Yield
(%) (J/(S*K)) (kJ/K) (%)
SCFE Bamboo 0 1 10 6.2 23
Si-1 41.0 52 3.5 47
Si-2 11.3 110 6.4 24
Si-3 11.1 94 5.5 27
Ene-1 18.5 100 7.4 19
Ene-2 9.8 1 10 7.8 19
Table 2.6: Summary of fire resistance properties of all bamboo composites.
It is expected that the incorporation of silicone into bamboo will improve fire resistance
by increasing char yield and lowering the total energy evolved during combustion.
Bamboo-poly(alkenemer)-bamboo composites should not exhibit a notable improvement
in the fire resistance of bamboo and may even lower resistance. As described previously,
the decomposition of composites Si-2 and Si-3, which contain linear silicone precursors
may result in volatile cyclic silicones giving rise to the lower fire resistance and char
yields for these composites^^. As expected, composites Ene-1 and Ene-2 exhibited no
improvement in fire resistance.
2.4 Conclusions
We have demonstrated a method to incorporate and subsequently polymerize
polymer precursors into bulk bamboo substrates. We have determined that these
composites are co-continuous with respect to the cellulosic template and the polymer
additive resulting in improvements in both mechanical properties and fire resistance.
These bulk, co-continuous composites should also have drastically better leach resistance
as the additives are not water soluble, and they are crosslinked within the cellulosic
template to further ensure immobilization. Given this, these bamboo-polymer composites
could be explored as an environmentally friendly, light-weight alternative to degradation
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suppressing additives such as CCA and ACQ. Silicone additives may also provide other
advantages such as water repellency and rot resistance as these moieties are hydrophobic
and significantly decrease water uptake. In addition, the co-continuous WPCs fabricated
herein should not suffer from extensive creep or flammability as typically seen in the
current commercially available WPCs.
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CHAPTER 3
VERSATILITY OF CELLULOSIC-SILICONE COMPOSITE FABRICATION
3.1 Introduction
Composites are fabricated to accentuate the advantageous properties of two
materials and at the same time, reduce the prominence of their undesirable properties.
There has been a strong effort to improve rot and fire resistance as well as mechanical
strength and toughness of cellulosic materials by combining them with other material
components. Using SC CO2, we have shown in chapter two that we can fabricate co-
continuous bamboo-polymer composites that demonstrate increased fire resistance and
mechanical properties as dictated by the incorporated polymer. The work described in
this chapter focuses on studying how the morphology of a cellulosic material affects the
incorporation of silicone precursors and how the resulting composite mechanical and fire
resistance properties are affected by these morphological differences. Pine, aspen,
cherry, and bamboo were selected based on their distinct morphological differences and
the analysis of these cellulosic substrates and cellulosic-silicone composites are present in
this chapter.
3.2 Experimental
3.2.1 Materials
Bamboo was purchased from the Hadley Garden Center in Hadley,
Massachusetts. Aspen samples (match sticks) were obtained from Diamond Brand
matches. White pine and black cherry samples were purchased from Cowls Lumber Yard
in Amherst, Massachusetts. l,3,5,7-tetravinyl-l,3,5,7-tetramethylcyclotetrasiloxane
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(D4V), 1,3,5,7-tetramethylcyclotetrasiloxane (D4H), and Karstedt's catalyst (2.1-2.4% in
xylene) were purchased from Gelest and used without further purification. Ethanol was
purchased from the Fisher Chemical Co. and used as received. Compressed carbon
dioxide and oxygen were purchased from Merriam Graves and were used as received.
3.2.2 Synthesis of Wood-Silicone Composites
All composites were fabricated using the procedures developed in the previous
chapter^°" Samples were cut to dimensions of approximately 4 x 5 x 60 mm with the
exception of the aspen match sticks which were approximately 2 x 2 x 60 mm. Samples
were purified by continuous SC CO2 extraction assisted with an ethanol co-solvent. The
sample chamber was maintained at a constant 70 °C and extractions were carried out for
four hours. A high pressure CO2 pump, set to 2500 psi, was combined with a second
high pressure pump to administer the ethanol co-solvent at a constant flow rate of 0.25
mL/min. A valve was left slightly open to allow the extractives to flow out of the system
where they were collected by bubbling through ethanol. This process removes inorganic
7 8
impurities as well as any free organics such as lignin ' .
A silicone mixture was prepared by mixing D4V and D4H (1:1 mol ratio). The
composites were fabricated by introducing samples into a high pressure vessel and
submersing them in the silicone mixture. The vessel was then sealed, pressurized to 2500
psi with CO2, and allowed to equilibrate at 70 °C. All samples were equilibrated for 24
hours unless otherwise indicated. The vessel was then depressurized slowly and the
platinum catalyst solution (50|iL of 20:1 D4V : Karstedt's catalyst by volume) was
introduced into the vessel. The reactor was sealed and placed on a vortex mixer to ensure
good mixing of the catalyst into the silicone mixture. The vessel was filled to 60 psi with
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pure oxygen to promote the hydrosilation crosslinking reaction, again heated to 70 °C,
and pressurized to 2500 psi with CO2. The reaction was allowed to proceed for 24 hours,
the vessel was depressurized slowly, and the samples were isolated. All samples were
then dried at reduced pressure and 70 °C and stored in a desiccator.
3.2.3 Characterization of Composites
3.2.3.1 Optical and Infrared Analysis
Cross sections were taken from the middle of each sample and analyzed by
optical microscopy and attenuated total reflectance infrared spectroscopy (ATR-IR) to
ensure that the silicone has been incorporated into the entirety of each composite. ATR-
IR spectroscopy was done on a Horiba Jobin Yvon HR800 spectrometer equipped with
an ATR-IR lens.
3.2.3.2 Density Measurements
The mass of all samples was recorded before coating each sample with a thin
layer of paraffin wax. The samples were then submerged in a 10 mL graduated cylinder
filled to 7 mL with water and the volume displacement was recorded. Averages of five
different sample density measurements were taken.
3.2.3.3 Elemental Analysis
The elemental analysis was administered by Schwarzkopf Microanalytical
Laboratory Inc. in Woodside, New York. All composite samples were analyzed for
silicon in the form of silicone whereas untreated samples were analyzed for silicon in the
form of silica (Si02).
47
3.2.3.4 Mechanical Properties
Flexural properties were analyzed at room temperature on an Instron 4411
equipped with a three point bend apparatus. The span width was set to 40 mm and the
crosshead speed was set to 1 0 mm/min.
3.2.3.5 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was performed on a TGA 2950 Thermogravimetric
Analyzer from TA Instruments. Samples were heated from 23 °C to 800 °C at a rate of
10 °C per minute under a nitrogen atmosphere. The resulting weight loss curves were
analyzed to determine the onset of the overall sample degradation and individual additive
degradation characteristics.
3.2.3.6 Pyrolisis Combustion Flow Calorimetry (PCFC)
All PCFC procedures were identical to the methods presented in chapter 2. Please
refer to the previous chapter for details.
3.3 Results and Discussion
3.3.1 Optical Microscopy
Figure 3.1 shows the cellular morphology of four wood species before the
incorporation of silicone. Pine is classified as a gymnosperm (softwood), having only
tracheid and parenchyma cell types which perform all the functions necessary for the
plant to live: nutrient conduction, nutrient storage, and structural support^^. Bamboo,
cherry, and aspen are all classified as angiosperms, and have a more sophisticated cellular
morphology than gymnosperms. Angiosperms are made up of the multifiinctional
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tracheid and parenchyma cell types, as well as more function specific cells such as fiber
and vascular cell which are solely for structural support and nutrient conduction
respectively. Of the three angiosperms analyzed, only cherry and aspen are considered
hardwoods (dicotyledons, having two leaves on the embryo plant), whereas bamboo is a
classified as a grass (monocotyledon).
Figure 3.1; Optical images of A) pine, B) bamboo, C) aspen, and D) black cherry cross
sections after purification. The arrows indicate the vessels in each angiosperm
microstructure. The scale bars indicate 50|im.
One distinct difference between the angiosperms and gymnosperms, visible in the
cellular morphology, is the presence of vessels or pores in the angiosperms whereas the
gymnosperm lacks this characteristic. These vessels are strictly for water and nutrient
conduction throughout the plant. They run parallel to the wood grain and can extend to
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more than 30 cm in many cases. Fibers are also present in angiosperms, which are
responsible for much of the material's mechanical properties. The sole function of these
cells is to provide added structural support for the plants. As a result, these cells tend to
have much thicker cell walls than other plant cells and less intercellular space^^.
Bamboo and pine were used as representative samples of angiosperm and
gymnosperm specimens respectively for the analysis of silicone mixture Si-1 absorption
under ambient and SC CO2 conditions (Figures 3.2 and 3.3) No catalyst was added in
these experiments so that the silicone could not crosslink during the absorption studies.
Under ambient conditions the bamboo samples reach an equilibrium silicone
concentration in about 4 days whereas the pine did not reach an equilibrium silicone
concentration even after 15 days, and the amount of silicone absorption in pine after the
15 days was over seven times that of bamboo. These results suggest that in angiosperms,
the silicone is readily transported through the vessels, whereas it cannot easily penetrate
the rest of the bamboo substrate. In comparison, the tracheid and parenchyma cells
present in gymnosperms are responsible for both support as well as nutrient conduction,
and thus the silicone can slowly percolate throughout the entire substrate at ambient
conditions.
When absorption of silicones is assisted with SC CO2 (70 °C and 2500 psi),
average silicone uptake is increased and the time to reach an equilibrium silicone
concentration is significantly reduced. The pine samples reach an equilibrium
concentration in about 3 hours and can increase their mass by nearly 150%. The silicone
concentration in bamboo is also substantially higher for the CO2 absorbed substrates
compared with the samples treated at ambient conditions, however the concentration did
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not reach equilibrium even after 38 hours. Most likely the silicone mixture has
completely filled the vessels throughout the bamboo mictrostructure within the first five
minutes, and the apparent slowness in the absorbtion kinetics under supercritical
conditions may be a result of the SC CO2 penetrating the more densely packed cellular
regions in the bamboo substrate that were not accessible at ambient conditions.
0 5000 10000 15000 20000 25000
Time (minutes)
Figure 3.2: Absorption kinetics of Si-1 silicone mixture into pine and bamboo substrates
at atmospheric pressure and temperamre.
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Figure 3.3: Absorption kinetics of Si-1 silicone mixture into pine and bamboo substrates
in the presence of supercritical carbon dioxide (60 °C and 2500 psi).
In order to determine where the extent of silicone incorporation throughout he
cellulosic matrices, optical micrographs were taken of cross sections of all wood samples
(Figure 3.4). It is apparent that the vessels present in angiosperms act as a direct pathway
for silicone to be incorporated into the cellular morphology as most of these vessels were
filled with silicone as shown in Figure 3.4. The gymnosperm sample (pine), on the other
hand, has regions where it is clear that silicone has penetrated into the cells and other
regions where the cells appear unchanged after allowing the pine to soak in silicone for
24hrs (Figure 3.4A). This was a surprising as the absorption of silicones into pine with
the assistance of CO2 seemed to reach an equilibrium silicone concentration in
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approximately 3 hours (Figure 3.3). Increasing the silicone soak time to 72 hours
allowed for a greater amount of silicone incorporation which can be seen in the mass
uptake, IR and TGA data. While it appears that 24 hours is sufficient time for the
silicone mixture to completely diffuse into the porous angiosperm morphologies, 72
hours is required to obtain similar IR and TGA results for the non-porous gymnosperm
morphology.
Looking at each of the composite cross sections before and after silicone
incorporation via optical microscopy and ATR-IR we can see that silicone has been
incorporated throughout each sample, however these observations only suggest that the
cellulosic material and silicone are in fact co-continuous. To demonstrate the continuity
of the silicone throughout each wood morphology, each sample was completely thermally
degraded under extreme heat using a propane torch and compared to the unmodified
materials '°. As expected, each of the unmodified wood samples burned away completely
leaving very little ash. All of the wood-silicone composites however left a significant
amount of char. A closer look at the char reveals that much of the original morphological
registry was maintained in the char. XPS results indicate that the char left behind was
almost entirely silicon dioxide, which is the resulting product of thermally degrading
14
silicone . Figure 3.5 shows the morphology of pine before and after complete thermal
decomposition.
53
Figure 3.4: Optical images of A) pine, B) bamboo, C) aspen, and D) black cherry cross
sections after silicone incorporation (24 hour silicone diffiision). Circled region in A)
shows cells that have been ftilly incorporated with silicone. Arrows indicate vessels
filled with silicone. Scale bars indicate SO^im.
Figure 3.5: Optical images of A) unmodified pine, B) thermally degraded pine-silicone
composite. Samples were cut to image the direction parallel to the wood grain. Scale
bars indicate 50(im.
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3.3.2 Infrared Spectroscopy
IR spectra of the purified, untreated materials are presented in Figure 3.6. This
figure shows that there are no significant differences apparent between samples. Since all
of the materials are primarily made of cellulose, hemicellulose, and lignin, IR cannot
detect an appreciable difference in each of these component ratios. After modification,
however, a stronger distinction can be seen when compared to the unmodified materials
(Figure 3.7). As described in the previous chapter, the pure crosslinked silicone shows
characteristic peaks at 2953 cm"', 2837-2916 cm"', 2150 cm"', and 1258 cm"', which are
associated with methyl stretching, methyl and methylene stretching, Si-H stretching, and
methyl bending respectively. All of these peaks can be observed in the cellulosic-silicone
composites in addition to a peak at 739cm"', indicative of methylene rocking. It should
be noted that the peak around 2300 cm"' is attributed to CO2 and is an artifact associated
with incomplete nullification of the background spectrum.
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Figure 3.6: ATR-IR of cellulosic substrates before silicone incorporation.
The IR spectra of the composites show different extents of silicone incorporation.
The aspen and cherry composites show the strongest overall silicone signal, being able to
clearly identify all of the characteristic silicone peaks. The silicone peaks are still visible
in the bamboo-silicone composite, however they are slightly less prominent. The pine-
silicone spectrum only shows a weak signal at 1258 cm ' and 739 cm"' when the silicone
is only allowed to diffuse through the morphology for 24 hours. A significant increase in
the characteristic silicone peaks can be seen in the pine composites that were equilibrated
for 72 hours before the silicone was crosslinked. The greater intensity of the
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characteristic silicone peaks from aspen, cherry, and to a lesser extent bamboo, may have
to do with the porosity of the materials. A qualitative comparison of the porosity of the
angiosperms can be seen from the optical images in Figure 3.1. The angiosperms, in
order of decreasing porosity are: aspen, black cherry, bamboo. When cross sections are
cut from samples after incorporation it exposes the pure silicone in the vessels. The more
porous materials will expose more pure silicone in a given cross section thus giving a
stronger silicone signal. A closer look at the IR spectra indicates that this trend is
observed. Aspen, having the greatest porosity, has the strongest silicone signal. Pine,
being a softwood with no pores, shows the weakest silicone signal even with 75% mass
increase of silicone.
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Figure 3.7: Infrared spectra of cellulosic-silicone composites after silicone incorporation.
3.3.3 Physical Properties
Table 3.1 summarizes the physical properties of the pure cellulosic materials and
the composite materials after silicone incorporation. As discussed previously, both
grasses and hardwoods have porous morphologies and depending on the porosity of the
material and the packing density of the cells, overall bulk densities typically range from
0.4 to 0.8 g/cm. When silicone is incorporated into the porous morphology of these
materials, the overall densities increase significantly. A visual comparison indicates that
the increase in density is roughly correlated to the porosity seen in each material. Fewer
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pores in the material means that a lower amount of silicone can be incorporated into the
cellulosic microstructure, thus resulting in a smaller change in density. Some silicone is
still incorporated into the cells, which is seen in the pine samples (Figure 3.4A) and also
observed in past work"^", but most likely to a lesser extent for the angiosperms.
Sample Density Mass Uptake Silicon Modulus Ultimate
(%) Wt. %^ (GPa) Strength (MPa)
Pure Material
Bamboo 0.71 <0.1 7.0 ± 0.4 6.0 ± 0.4
Pine 0.48 <0.1 11.2 ± 0.3 7.2 1.2
Aspen 0.48 <0.1 lO.O ± 1.1 6.6 ± 1.1
Cherry 0.61 <0.1 9.7 ± 0.8 4.9 ± 0.5
Composites
Bamboo 0.93 41 7.55 7.0 ± 0.5 5.1 ± 0.3
Pine 0.65 74 21.18 12.2 ± 0.6 10.8 ± 1.5
Pine (72 hrs) 0.94 97 14.5 ± 1.6 14.5 ± 3.1
Aspen 0.95 78 19.25 9.3 ± 1.4 8.6 ± 2.1
Cherry 0.93 46 16.04 9.5 ± 1.1 5.6 ± 2.2
Table 3.1: Physical properties of cellulosic substrates before and after silicone
incorporation. ^Silicon content determined by elemental analysis.
For the angiosperms analyzed, the incorporation of silicone improves the ultimate
strength of the materials with the exception of bamboo and has no appreciable change in
modulus. Both pine composites, however, show a significant increase in both modulus
and ultimate strength, and the addition of more silicone increases these values further.
The distinct differences in mechanical properties are a result of how the silicone is
incorporated into the two different morphologies. Angiosperms, as described above have
four different cell types including fiber cells, which are responsible for much of the
mechanical properties of the material. These fiber cells usually have thick walls and very
little intercellular space, thus they are likely to be minimally affected by the diffusion of
silicone because it is difficult for SC CO2 to penetrate highly ordered domains such as
59
fibers or crystals'^. The silicone then is primarily located in the vessels as these
structures allow for fast incorporation of the silicone into the bulk structure. As a result,
the mechanical properties do not change much as the cellulosic fibers are not affected by
the incorporation process. On the other hand, all the cells in gymnosperms are
responsible for conduction and mechanical properties. In this case, the silicone
penetrates the cells and their intercellular space thus an increase in modulus is expected.
3.3.4 Thermogravimetric Analysis
We have demonstrated that the addition of silicone into bamboo substrates
increases the fire resistant properties of the resulting bamboo-silicone comopsites^^'^^'.
The effects of silicone incorporation all cellulosic-silicone composites can be seen by
analyzing the thermal degradation of these composites. The onset temperature of silicone
decomposition is approximately 500 °C whereas the unmodified materials have an onset
of degradation around 270 °C^^. Figure 3.8 shows mass loss versus temperature for each
of the unmodified and composite materials. Char yields for the unmodified materials at
800 °C range between 13-23%. After the incorporation of silicone, a dramatic increase in
char formation can be seen suggesting that an improvement in fire resistance properties is
obtained. The initial pine composites form the least amount of char although there is
nearly a 75% mass increase after modification with silicone. This may be due to
incomplete incorporation of silicone throughout the entire pine sample. By increasing the
silicone diffusion time to 72 hours the resulting char mass is significantly increased due
to the increased silicone incorporation. Looking at the derivative of mass loss with
respect to temperature versus temperature data of the pure silicone, a large peak around
580 °C is present (Figure 3.10). This peak, representing the temperature of maximum
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silicone decomposition, is present in all of the composites and absent in the untreated
materials giving another indication that silicone has been incorporated into the
composites (See Figures 3.9 and 3.10).
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Figure 3.8: Mass loss versus temperature for all samples.
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Figure 3.10: Derivative of mass loss with respect to temperature versus temperature of
bicontinuous cellulose-silicone composites.
3.3.5 Pyrolysis Combustion Flow Calorimetry
Table 3.2 shows the summary of the fire resistance data for each cellulosic
substrate before and after incorporation of crosslinked silicone. In all cases the
incorporation of silicone significantly improves all three fire resistance parameters
measured (heat release rate, total heat released, and char yield) regardless of the initial
substrate morphology, and the resulting composite materials can be considered ultra fire
resistant by FAA standards. A comparison of the fire resistance (HR capacity and Total
HR) of the two pine-silicone composites indicates that some improvement is seen by
allowing more time for the silicone to penetrate into the non-porous gymnosperm
63
morphology, however this improvement is not as prominent as the improvements
observed in the mechanical properties.
Sample Density Mass Uptake HR Capacity Total HR Char Yield
(g/cm^) (%) (J/(g*K)) (kJ/g) (%)
Pure Material
Bamboo 0.71 110.0 6.2 23
Pine 0.48 . 151.0 10.4 15
Aspen 0.48 123.8 9.9 14
Cherry 0.61 141.6 9.4 16
Composites
Bamboo 0.93 41 52.3 3.5 47
Pine 0.65 74 63.5 6.4 60
Pine (72 hrs) 0.94 97 58.0 5.8 57
Aspen 0.95 78 52.7 3.0 56
Cherry 0.93 46 58.1 5.4 57
Table 3.2: Summary of fire resistance parameters measured via pyrolysis combustion
flow calorimetry.
A closer look at the char yield was given to determine if the composite char yield
was a simple additive effect of each of components' char or if the incorporation of
silicone in fact played a synergistic role in increasing the char yield. Column two of
Table 3.3 illustrates the char yields of each component, separately. Using equation 3.1,
an expected char yield {Ce) of each composite can be determined if the component char
yields were additive. From column five it is apparent that the actual char yield (Ca) is
greater than the expected additive char yield. This suggests that the silicone additive has
a synergistic impact on the thermal degradation of these cellulosic-silicone composites
either by acting as a thermal shield, fuel barrier or a combination of both effects.
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Component Char
Yield {%)
c\
(%) (%)
Silicone 86 -/- - -
Bamboo 23 0.29/0.71 41 47
Pine 15 0.43/0.57 45 60
Pine (72 hrs) 15 0.49/0.51 49 57
Aspen 14 0.44 / 0.56 45 56
Cherry 16 0.32/0.68 37 57
Table 3.3: Comparison of the actual (Ca) and expected (C,.) char yields of cellulosic-
silicone composites. Expected composite char yields (Ce) are calculated from the
characteristic char yields of each composites' components and their respective silicone
and cellulosic weight fractions (w^, and Wcei respectively).
=Q,>^s, +C,,,w,/ Eq. 3.1
3.4 Conclusions
This work has demonstrated the versatility of the composite fabrication process
established in past work by applying it to a range of cellulosic materials. By utilizing the
powerfiil solvating and transport properties of SC CO2, bulk samples of bamboo, pine,
aspen, and cherry were infused with silicone and crosslinked in situ. Silicone
incorporation was confirmed by optical microscopy, IR, TGA, and elemental analysis.
TGA results indicate an increased char formation upon thermal decomposition,
suggesting improved fire resistance properties for all composites. PCFC confirms that
the fire resistance of all cellulosic materials was dramatically improved and the resulting
composites can be classified as ultra-fire resistant materials. Mechanical analysis shows
little change after silicone incorporation for the angiosperm morphologies as the fibers
dominate the mechanical properties and are minimally affected by the composite
fabrication process. The pine-silicone composites show an increase in both ultimate
stress and modulus after silicone incorporation.
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CHAPTER 4
FIRE RESISTANT ASPEN-SILICONE COMPOSITES
4.1 Introduction
There are several methods employed to improve the fire resistance of natural
materials. One method involves the incorporation of an inorganic phase into wood using
sol-gel chemistry. This process involves infiising alkoxysilanes into wood and
condensing them to form an inorganic network throughout the natural material. This
network is also able to react with the hydroxyl groups of the cellulose to covalently attach
the inorganic phase to the material^'' In addition to improved fire resistance, leaching
of the additives is significantly reduced by creating a network within the cellulosic
material and the hydrophobicity of the material is increased^"*. Other chemical
modifications have also been employed to improve the fire resistance, which specifically
target the modification the hydroxyl groups of the cellulose. Chlorosilanes^"^ and
isocyanates in conjunction with organophosphorous compounds^^ have been successfully
used to improve the fire resistance of wood, however these chemical modifications are
limited by diffusion of the additives into the wood.
In the previous chapter we demonstrated that the incorporation of silicone by SC
CO2 can greatly improve the fire resist of wood by increasing char yield and lowering the
heat release rate and total heat release. Silicones are ideally suited for this study as they
thermally decompose to form solid silicon dioxide and may result in materials that can
retain a certain level of mechanical strength during and after thermo-oxidative
degradadon^^'^''^^'^^ Aspen was chosen as the substrate for this study due to specific
advantages in its morphology compared to the other cellulosic substrates previously
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studied. Aspen, being an angiosperm, contains vessels within its microstructure which
allow for fast transport of the silicone prepolymers throughout the cellulosic substrate.
Of the angiosperms previously studied, aspen has the smallest statistical representative
volume element. This allows us to smaller bulk samples that are statistically similar to
each other and thus increase the number of samples we can fit in each SC CO2 reactor.
This chapter demonstrates that the resulting aspen-silicone composites exhibit not
only improved fire resistance, but that these composites also exhibit greater retention of
mechanical properties after exposure to excessive thermo-oxidative conditions.
4.2 Experimental
4.2.1 Materials
Aspen samples were prepared from Diamond Brand matches. The match heads
were removed and the samples were purified as described below. 1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasiloxane (D4V), 1,3,5,7-tetramethyl cyclotetra-siloxane
(D4H), polymethylhydrosilane (PMHS), 1600 Mw, and Karstedt's catalyst were
purchased from Gelest. Ethanol was purchased from the Fisher Chemical Co. and
laboratory grade compressed carbon dioxide and oxygen were purchased from Merriam
Graves. All solvents and reagents were used as received.
4.2.2 Synthesis of Aspen-Silicone Composites
The purification and fabrication procedures of silicone composites were
established in the literature and discussed in the previous chapters^°'^^'^°. Briefly
described, the aspen matchsticks, with dimensions of roughly 2 x 2 x 60 mm, were
treated with a continuous SC CO2 extraction assisted with ethanol as a co-solvent as
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described in chapter 2. Two silicone mixtures were prepared for incorporation into the
aspen samples: Mixture 1 was a mixture of D4V and D4H (1:1 mol ratio of Si-H to Si-
vinyl) and mixture 2 consisted of PMHS and D4V (6:1 mol ratio of Si-H to Si-vinyl).
Mixtures 1 and 2 were then used to make composites 1 and 2 respectively. The
composites were then fabricated via methods described in chapter 2 and 3.
4.2.3 Composite Characterization
4.2.3.1 Density Measurements
The mass of each sample was recorded before coating with a thin layer of paraffin
wax. The samples were then submerged in a 10 mL graduated cylinder filled to 7 mL
with water and the volume displacement was recorded. Reported densities are an average
of five separate samples.
The density of the crosslinked silicones was also measured using this technique.
The pure silicones were prepared by curing each mixture at 70 °C without the presence of
wood or SC CO2. 50 ^iL of platinum catalyst solution was added to 10 mL of each
mixture and poured into a petri dish. The silicone mixtures were allowed to crosslink in
an oven at 70 °C for 24 hours and then cut into samples to be weighed. The volume was
measured by recording the displacement of water in a graduated cylinder.
4.2.3.2 Water Uptake
The mass of all samples was recorded at ambient conditions. The samples were
then thoroughly dried at reduced pressure for 24 hours at 70 °C and the mass was
recorded again. Wood samples were then exposed to 76% relative humidity at 27 °C for
1 month before recording the mass uptake. The mass of each sample was recorded again
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at 2 months to ensure constant mass uptake. Humidity was controlled by placing 500
mL of a supersaturated sodium chloride solution into a sealed humidity chamber along
with the samples.
4.2.3.3 Spectroscopic and Fire Resistance Characterization
Optical microscopy, ATR-IR, XPS, and PCFC characterization were carried out
as described in chapters 2 and 3.
4.2.3.4 Flexural Properties
A three point bend test was used to measure the flexural modulus and ultimate
strength of all samples. The three point bend apparatus was set to a span width of 40 mm
(20:1 span width to sample height). The flexural properties were analyzed at room
temperature using a crosshead speed of 10 mm/min.
4.2.3.5 Mechanical Degradation Kinetics Under Excessive Thermo-Oxidative Exposure
An instrument was built to measure the failure kinetics at defined temperatures
and applied stress. A Fisher Scientific Isotemp muffle fiamace was equipped with a three
point bend apparatus. A load basket was installed to the exterior of the furnace through
the exhaust port to control the applied load. The load was controlled by adding
standardized weights to a load basket. Temperature was controlled using a Fisher
Scientific thermocouple which was placed just under the sample. A simple switch was
installed on the apparatus along with a custom written Labview program that monitored
the time and circuit voltage. Figure 4. 1 shows a schematic of the apparatus.
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Before samples could be analyzed, the furnace was equilibrated to the desired
temperature and a specified load was added to the load basket. A dried sample was then
placed quickly into the three-point bend apparatus to minimize the time that the furnace
was open. The Labview program recorded the time and circuit voltage while the sample
was allowed to thermally degrade. Failure of the sample triggers the switch, thus
triggering the a change in the circuit voltage, and the Labview program records the time-
to-failure.
Temperature Controller
Figure 4. 1 : Schematic of the instrument used to measure mechanical degradation kinetics
of aspen samples and composites.
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4.3 Results and Discussion
4.3. 1 Density and Water Uptake
As shown in Table 4.1, the incorporation of silicone increases the density of the
composite materials. No measureable difference in the volume of the wood was observed
after the composite fabrication process, but an appreciable difference in density was
measured. These observations suggest that very little or no swelling occurs throughout
the fabrication process, rather that the majority of the silicone is being incorporated
within the aspen substrate. While it appears that composite 1 has a higher density than
composite 2, the values are too similar to conclude which has the greater density given
the experimental error of the technique used.
The equilibrium moisture content (EMC) of aspen and the aspen-silicone
composites (Table 4.1) demonstrates that the EMC has been reduced by a factor of two,
indicating that the hydrophobic silicone additives effectively inhibit water absorption.
This result is important as a significant reduction in the water absorption in wood samples
may help to prevent the wood from warping and may lead to an increase in rot
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resistance ' .
Sample Mass Uptake of Density Density of Silicone EMC^
Silicone (%) (g/cm^) Additive (g/cm^) (%)
Aspen 0.48 ± 0.06 11.7
Composite 1 78 0.95 ± 0.04 1.06 5.7
Composite 2 91 0.85 ±0.08 0.88 4.3
Table 4.1: Density and water uptake measurements of aspen and aspen-silicone
composites, ^calculated from the weight increase relative to the dry mass after two
months.
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4.3.2 Spectroscopic Characterization of Composites
The ATR-IR spectra of sample cross sections shown in Figures 4.2 and 4.3 indicate that
the silicones are incorporated throughout the wood microstructure. As described in
chapter two and three, the peaks at 2953 cm"', 2837-2916 cm"', 2150 cm"', 1258 cm"', and
739cm"' are characteristic of the silicone additives and can be observed in each of the
aspen-silicone composites. XPS analysis further confirms the incorporation of silicones
(Table 4.2). Figure 4.4A and 4.4B are optical images of the unmodified aspen
morphology perpendicular to the grain showing a number of hollow vessels or pores in
the cellular morphology. After incorporation and subsequent crosslinking of the silicone
mixtures throughout the aspen substrate, it is apparent from Figure 4.4C and 4.4D that the
vessels of the aspen have been completely filled with crosslinked silicone.
„, , . „ 1 ^ > Aspen Composite 1 Composite 2Element Aspen Composite 1 Composite 2 q^^^ Char Char
^^^^T 63 45 36 - 6 3
( /«)
i
^^«^/^f" 31 30 25 - 67 1 67
6 25 29 - 28 30
( /«)
Table 4.2: Summary of the XPS data for each sample before and after complete thermal
degradation at 900 °C.
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Figure 4.2: ATR-IR spectra of aspen and aspen-silicone composites.
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Figure 4.3: A closer look at the ATR-IR spectra of aspen and aspen-silicone composites
to demonstrate the differences in the composite IR spectra from the unmodified aspen
spectrum.
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Figure 4.4: A cross section of unmodified aspen at 20 X (A) and 40 X (B) magnification
depicting empty pores throughout the microstructure. A cross section of composite 1 at
20 X (C) and 40 X magnification (D) showing that siHcone has completely filled the
pores. Scale bars represent 200 |j,m.
4.3.3 Fire Resistance Properties
It has been reported that silicones may decompose into an inorganic glass when
exposed to extreme temperatures^'" To demonstrate this, each sample cross section
was exposed to a propane torch to completely oxidize the sample. The unmodified aspen
completely bums away, leaving only small amounts ash. Similar to the pine sample from
chapter three (Figure 3.5), both composites form a solid char and retain some of the
original aspen microstructural registry (Figure 4.5). This figure shows the resulting
morphology of composite 1 after exposure to the propane torch. The morphology seen in
the charred cross section (Figure 4.5A) is relatively uniform, which would be expected if
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the silicone was present within both the pores as well as the cells. The transverse section
(Figure 4.5B) shows a similar morphology seen in the undegraded transverse section
(Figure 4.5C) and demonstrates the retention of the microstructural registry of the aspen.
The analysis of the char by XPS indicates that the char is primarily silicon and oxygen
confirming that the silicone has ceramified into silicon dioxide (Figure 4.6).
Figure 4.5: Cross section of the cross section (A) and transverse section (B) of composite
1 after exposure to a propane torch. A transverse section of undegraded, unmodified
aspen is shown for comparison of retained microstructure (C). Scale bars represent
200^m.
The formation of a significant amount of char is one indication of improved fire
resistance, but in order to quantify the fire resistance properties of the aspen and the
aspen-silicone composites, the samples were analyzed with a pyrolysis combustion flow
calorimeter (PCFC). Figure 4.7 demonstrates that the composites show an improvement
in all three fire resistance parameters. In fact, both aspen-silicone composites qualify as
ultra-fire resistant materials by FAA standards, having heat release rates of less than 100
J/(gKf.
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Figure 4.6: XPS comparison of aspen before incorporation of silicone, after incorporation
of silicone, and after thermo-oxidative degradation of the aspen-silicone composite.
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Figure 4.7: Fire resistance of aspen and aspen-silicone composites.
4.3.4 Flexural Properties
Table 4.3 illustrates the flexural properties of unmodified aspen and each of the
aspen-silicone composites as measured by a three-point bend test. The modulus of aspen
is unaffected by the incorporation and crosslinking of the silicone additives since the
flexural modulus is dominated by the wood fibers and as mentioned in chapter three, SC
CO2 cannot penetrate highly ordered domains such as fibers or crystals^'*. The ultimate
stress though, has increased slightly. While the mechanical properties are nearly
unaffected in their undegraded state, the formation of silicon dioxide char suggests that
significant improvements could be seen when the samples are thermally degraded,
therefore five sample specimens from each material were placed in an oven at a given
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temperature and allowed to thermally oxidize. Aspen and composite 1 were thermally
degraded simultaneously in the same fiimace at 285 °C for 3.5 hours to ensure that the
thermal history was exactly the same. Composite 2 was thermally oxidized separately at
a slightly lower temperature (282 °C for 3.5 hours). The samples were allowed to cool to
room temperature and the flexural properties of the degraded samples were measured as
described previously. Comparisons of the residual modulus and ultimate strength of
aspen and the composites indicate a dramatic improvement in both quantities for the
composite systems as seen in Table 4.3. It cannot be concluded which composite system
shows better improvement since the thermal histories were slightly different, however it
can be concluded that both composites significantly outperform the unmodified aspen
after exposure to a thermo-oxidative environment. This improvement of flexural
properties after thermal degradation is not surprising given the optical microscopy,
PCFC, and XPS results shown previously and further supports that an inorganic glass is
formed during degradation. The composites' ability to retain both microstructural
registry and residual flexural properties, suggests that the composites are composed of a
co-continuous network of aspen and silicone. When the composites are thermally
degraded, the organic material decomposes into volatile products whereas the silicone
forms silicon dioxide and leaves a glass replica of the aspen microstructure.
Sample Density
(g/cm')
Modulus
(GPa)
Ultimate Stress
(MPa)
Modulus
After Char
(GPa)
Ultimate Stress
After Char
(MPa)
Aspen 0.48 10.0 ± 1.4 6.55 0.30 ± 0.02 * 0.35 *
Composite 1 0.95 9.3 ± 1.4 8.55 1.8 ±0.1 * 1.4 *
Composite 2 0.85 9.2 ±0.9 7.96 1.9±0.1 t 1.9 t
Table 4.3: Flexural properties of aspen and aspen-silicone composites before and after
thermal degradation. Samples subjected to 285°C for 3.5 hours together in the same
furnace. ^Samples subjected to 282 °C for 3.5 hours together in the same furnace.
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4.3.5 Mechanical Degradation Kinetics Under Excessive Thermo-Oxidative Exposure
Not only does the formation of an inorganic glass after thermal degradation lead
to retention of mechanical properties, but the glass may also slow the kinetics of
mechanical degradation when subjected to an applied stress and defined thermo-oxidative
environment. As described previously, an instrument was built to measure the
mechanical degradation kinetics of samples at given temperature and stress levels. Two
different stress levels were chosen (230 kPa and 610 kPa) to perform the analysis.
Failure time of the samples, temperature (7), and applied stress were recorded for each
trial. An Arrhenius analysis was applied to the data by plotting ln(l/failure time) vs. \IT
for the unmodified aspen and the composites as shown in Figures 4.8 and 4.9.
If we look at the Arrhenius equation from a chemical perspective the rate constant
{k) of a chemical reaction is a function of the activation energy {Ea), temperature (7), and
a frequency factor {A).
The rate constant can be thought of as the number of collisions per second between two
reagents that result in a successful reaction. The frequency factor, A, can be thought of as
the total number of collisions per second that occur between the two reagents and e'^'"^^
is then the probability that a collision that will result in a successftil chemical reaction. If
the Arrhenius equation is rearranged by taking the natural log of each side of equation
4.1, we get:
By plotting In(^) vs. 1/7" the activation energy and the frequency factor can be calculated
since the slope of the line will be -Ea/R and the intercept will be ln(^). If two different
k = Ae-EJRT Eq. 4.1
ln(A:) - In(^) Eq. 4.2
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chemical reactions are plotted in this manner and have identical slopes, the activation
energy for each reaction is identical even though the rate of reaction may not be the same.
In the case where the activation energies are the same but the reaction rates are different,
the intercept of each line must be different, thus the total number of collisions will be
greater for the reaction with the faster reaction rate.
This type of analysis has been applied to the rate of failure of materials in order to
gain an understanding of mechanical degradation kinetics of aspen and the fabricated
aspen-silicone composites. There are several key differences in this mechanical
perspective compared to the traditional chemical perspective. First, k is no longer a
reaction rate, but a rate of failure at a given temperature and stress level. More
specifically, the time to failure {\lk) is the amount of time it takes for enough chemical
degradation to occur to reduce the ultimate stress of the material to that of the applied
stress. Ea can now be thought of as an activation energy of thermo-oxidative degradation
and the "frequency factor" {A) becomes a complex term which will be affected by the
applied stress as well as any changes in thermal conductivity, thermal shielding, or
ceramification effects.
In all mechanical degradation trials, plotting ln(l/failure time) vs. 1/rresuhs in a
linear correlation confirming an Arrhenius relationship. It is interesting to note, looking
at Figures 4.8 and 4.9 individually, that each data set not only follows a linear correlation,
but that the slopes of the lines are unchanged after incorporation of crosslinked silicone.
This suggests that the activation energy of thermal degradation does not change even
after adding a second chemical component to the material. The composite systems do.
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however, exhibit longer Hfetimes at all temperatures as seen from the upward shift in the
lines compared to the unmodified aspen.
This increase in lifetime without changing the activation energy may be explained
by a combination of two factors. First, the formation of silicon dioxide from the silicone
may result in an apparent greater retention in mechanical properties. Since the silicon
dioxide may act as a reinforcement, more of the cellulosic component must be degraded
in order to reduce the material's ultimate stress to that of the applied stress on the sample.
Since the cellulosic material will degrade at a certain rate for a given temperature, more
time will elapse if more material is required to be degraded. Second, a shielding effect
created from the outer char of the material may also play a role in increasing the lifetime
of the composites during thermal degradation. This shielding effect may occur as the
outer layer of sample chars, leading to the formation of a protective coating. This may
insulate the inner material from the heat and restrict the diffusion of volatiles from the
sample, effectively slowing degradation^ ^
It is also observed from a comparison of Figures 4.8 and 4.9 that changing the
applied stress does not affect the activation energy of thermal degradation. This is not
surprising since applying a stress to the system does not affect the chemical degradation
of the system. Increasing the applied stress on a given system does significantly reduce
the lifetime of each sample at all temperatures. This is also expected since less material
needs to degrade before the critical stress is achieved.
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Figure 4.8: Comparison of time-to-failure of all aspen samples at 230 kPa.
2.2
83
n \ 1 1
y = 2.9e+1 - 1.9e+1x R= 9.7e-1
y = 2.7e+1 - 1.9e+1x R= 9.6e-1\ y = 2.6e+1 - 1.9e+1x R= 9.2e-1
— SCFE Aspen
I— D H + DV Aspen Composite
PMHS + D V Aspen Composite
0
-2
-4
^ -6
5 -8
-10
-12
-14
1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
1/T(K"^)* 10"^
Figure 4.9: Comparison of time-to-failure of all aspen samples at 610 kPa.
4.4 Conclusions
From procedures established for making bamboo-polymer composites, we have
demonstrated that aspen can be used as a substrate for hydrosilation reactions. By
incorporating low molecular weight silicones into bulk aspen substrates and crosslinking
them in situ, composites consisting of a co-continuous network of aspen and silicone
were fabricated. The additives in these composites are physically trapped within the
aspen substrate resulting in long-term composites that will not exhibit any leaching of the
additives over time. There were no detrimental effects to the mechanical properties of
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aspen after silicone incorporation, while significant improvements to a number of post-
degradation properties were seen. Specifically, an improvement in fire resistance,
residual mechanical properties, and mechanical degradation kinetics were observed for
both composite systems. The formation of silicon dioxide char is the main factor
contributing to these improvements. The silicone forms an inorganic glass upon thermal
degradation, which reinforces the composite samples during degradation and may also act
as an insulating layer to protect the inner material from degradation.
While this work demonstrates that the addition of silicone can improve the fire
resistance and post-degradation properties of aspen, silicones are just one potential
additive that can be added to natural substrates in order to improve specific properties of
the material. By tuning the composition and the chemical nature of these additives and
polymerizing them in situ, many of the inherent flaws associated with natural materials
can be addressed while still maintaining their desirable properties.
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CHAPTER 5
INTRODUCTION TO IONIC LIQUIDS AND POLY(VINYL ALCOHOL)
5.1 Ionic Liquids
Ionic liquids are a relatively new class of solvent that has received considerable
attention in the last fifteen years and continues to inspire the interest of researchers due to
their potential as safer, more tunable alternatives to organic solvents. These compounds
possess negligible vapor pressure, high charge density, and the ability to catalyze certain
reactions, making them an interesting solvent system to study and that may be ideally
suited for certain chemistries and processes.
Ionic liquids are salts, consisting of a cation and an anion, but unlike most
traditional inorganic salts which have a very high melting point, many above 800 °C.
The charges on ionic liquid ions are delocalized, thus the electrostatic interaction between
the cation and anion become weaker and effectively drop the melting point of the ionic
liquid below 100 °C"'''^ There are thousands of different ionic liquids available and only
a minuscule sample of them are shown in Figure 5.1. The most commonly studied
combinations include either an imidizolium or a pyridinium cation and a large anion such
as tetrafluoroborate or hexafluorophosphate. By changing the ion pair, properties such as
melting point, viscosity, solvating power, and hydrophobicity can be tuned for each
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specific application " .
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Figure 5.1: Typical cation/anion combinations in ionic liquids.
While ionic liquids have been around for over one hundred years, they have been
slow to develop until recently. The first room temperature ionic liquids were
chloroaluminates and imidazolium chloroaluminates, which were used in a variety of
electrochemical applications, however these particular ionic liquids were extremely
sensitive to water and are considered super acids, making these compounds extremely
hard to work with^^"^°. Eventually, room temperature ionic liquids evolved into water
inert ionic liquids such as imidazolium tetrafluoroborate (IM-BF4) and imidazolium
hexafluorophosphate (IM-PFa) which were much easier to handle and study^^'^^. These
two ionic liquid series have been the gold standard for analyzing ionic liquid properties
and exploring applications, however there are presently hundreds of commercially
available ionic liquids to choose from. A number of reviews are available that discuss the
different ionic liquids and their properties and applications'^^"''^.
Ionic liquids can be used as any other solvent would be used, however there are
two distinct differences between traditional organic solvents and ionic liquids. First,
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ionic liquids are composed of ions which add a level of complexity to the solvent/solute
system. The long range interactions of these ionic compounds need to be considered and
each ionic liquid should be thought of in terms of a binary solvent mixture of cations and
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anions instead of a pure solvent ' Second, ionic liquids have negligible vapor pressure
at room temperature. This characteristic is the primary reason for initiating significant
research efforts focused on using ILs as green solvent alternatives. Traditional solvents
tend to have high vapor pressures leading to handling, containment, and flammability
issues. Ionic liquids, having negligible volatile organic content (VOC), circumvent all of
these problems. In addition, this class of materials has a wide a range of properties as
seen from Table 5.1, which are dependant on the cation/anion pair, which again shows
the extreme tunability of this class of materials. Additionally, two or more ionic liquids
can be mixed to tune the solvent properties fiarther . Compared with the tens of organic
solvents, over 200 ionic liquids are commercially available and over 10'^ could be
imagined by combining every cation and anion pair known^"^'
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Surface tension " , surface chemical composition " , hydrophobicity ' ,
conductivity^^'^^ among other properties have been determined for several ionic liquids
but much more work must be done to fully characterize these materials. Much of this
work, as Winterton points out, does not take into account the hygroscopic nature of these
materials^"*. When measuring any of these properties, the presence of water has a
profound effect on the experimental results and must be considered. Although ionic
liquids are predicted to be revolutionary solvents, much is still unknown about them,
especially with respect to ionic liquids and polymers.
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Compound Density Melting Surface Viscosity Boiling Point Conductivity
(g/cm'') Point
(°C)
Tension
(dyn/cm)
(cP) (°C) (mS/cm)
ILs 1.2-1.6 -94-100 28-55 28-1100 N/A 0.1-8.8
Acetone 0.79 -95 23.7 0.32 57 0.00002
Benzene 0.88 5.5 28.8 0.65 80 0.00008
Hexane 0.66 -95 18.4 0.29 69 0.0
Water 1 0 72.8 0.89 100 0.00004
Table 5.1: Comparison of material properties of ionic liquids to some traditional solvents.
5.2 Reactions in Ionic Liquids
The first applications explored with ionic liquids have been in catalysis.
Hydrogenation, hydroformylation, alkylation, Diels-Alder, cracking of polyethylene, and
many other reactions have been either assisted via solvent / solute interactions or
catalyzed using ionic liquids ' " . Literature on ionic liquids and polymers, however, is
relatively scarce compared to the overall number of studies on ionic liquids. A few
reports on polymer solubility in ionic liquids exist, but since the viscosity of most ionic
liquids is significantly higher than traditional organic solvents, dissolution is extremely
slow^"*. A notable discovery was made in 2002 when Swaltloski et. al. reported that
cellulose dissolves readily in imidazolium chloride ionic liquids^^. Cellulose is typically
hard to dissolve in traditional solvents due to the strong hydrogen bonding between
chains. These imidazolium chloride ionic liquids however disrupt the hydrogen bonding
and allow for dissolution of the polymer in the ionic liquid.
Most ionic liquid solvent applications involving polymers study polymerizations
*
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however two reports have been made on ionic liquid plasticizers.
Scott and others have reported BMIM BF4 functions as an effective plasticizer for
poly(methylmethacrylate) (PMMA) and even exceeds the range of properties accessible
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with traditional plasticizers such as dioctylphthalate . In addition to improved
plasticization, the ionic liquid has no vapor pressure at room temperature thus the IL
plasticizer will not be depleted from the polymer by evaporation, a significant advantage
over using volatile dioctylphthalate. Several other applications for ionic liquids involve
ion-sensors, solar cells, high selectivity separation media, among many others, but will
not be discussed in this discertation^^'^^.
5.3 Poly(vinyl alcohol)
Poly(vinyl alcohol) (PVOH) is manufactured into fllms•°'''°^ fibers^^''°\ and
gels"^'^''°^ which can be used as barrier layers, reinforcement, and tissue scaffolds,
respectively, to name just a few applications. The usefulness of this polymer is extended
considerably by either blending or modifying PVOH to obtain the desired material
properties. Compatibility can be a serious limitation when blending two or more
i
polymers, and the resulting properties are typically confined to an average of the starting
materials Alternatively, controlled, chemical modification can be used to significantly
change the ultimate properties of a material, thus it is possible to engineer the material
properties around a desired application. Poly(vinyl butyral) (PVB) is just one of many
notable PVOH co-polymer. Composed of 80% PVB, 15-19% PVOH, and 1-5% PVOAc,
this polymer interlayer between safety glass is the material which is responsible for the
shatterproof glass in every automobile windshield. The PVB gives the interlayer the
elastic characteristics while the PVOH is responsible for the intimate adhesion between
of the polymer and the glass.
Poly(vinyl alcohol) (PVOH) is a versatile and industrially important polymer that
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IS typically synthesized through the hydrolysis of poly(vinyl acetate) (PVOAc) . Direct
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polymerization of PVOH from vinyl alcohol is impossible since the vinyl alcohol
monomer exists almost exclusively as the acetaldchyde tautomer. Hydrolysis of PVOAc
can be carried out in acidic or basic conditions, however the resulting material properties
are affected by the method by which the hydrolysis takes place. For this reason the
saponification (hydrolysis under basic conditions) of PVOAc is preferred as it results in
minimal side reactions'''^. The degree of PVOAc saponification can affect the overall
material properties of the resulting PVOH due to the presence residual acetate groups.
Degree of crystallization, solubility in water, viscosity, and aqueous solution surface
tension are all affected by small variations in the residual acetate content of PVOH'*^".
At first glance poly(vinyl alcohol) may seem to be an appealing precursor to
many functional polymers due to the ubiquity of hydroxyl groups on the polymer chain
and the extensive published database of alcohol chemistry. Esterification'°^""°,
acetylation" and to a lesser extent, urethanation"^ modifications have been
demonstrated on PVOH, but experimental procedures are typically complex, reaction
kinetics are slow, and the reactions are not quantitative. The major issue responsible for
these compolications is that solvents for PVOH, such as water and dimethylsulfoxide
(DMSO), are not conducive to alcohol chemistries, and therefore a significant effort has
been made to find an appropriate solvent"^. N-methylpyrolidone""^ can be used if the
solvent is dried sufficiently and inert to the reagents. In other cases, designer solvents
such as certain cyclic ureas'"*^ have been synthesized and studied as alternative solvents.
An ideal solvent for PVOH modification would satisfy several key requirements: 1) the
polymer and the reagents must be soluble in the solvent, 2) the solvent must not react
with the polymer or reagents, 3) the solvent would act as a catalyst for the reaction, and
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4) the resulting polymer would also be soluble in the solvent. All of these requirements
can be realized by substituting traditional organic solvents with ionic liquids.
The second part of this dissertation is focused on utilizing ionic liquids as solvents
and reaction media and demonstrates that some difficult processes can be made easier by
using this class of neoteric solvents over traditional organic solvents. Namely, we
demonstrate that two different ionic liquids can facilitate the dissolution and subsequent
modification of PVOH in a simple, 1-step reaction process. The resulting polymers have
been isolated and characterized to demonstrate quantitative, controllable modification of
PVOH. Initial attempts have been made to look at the surface activity of partially
modified PVOH in ionic liquid solutions, which may have important implications for
PVOH electrospinning and other processes where surface and interfacial properties are
paramount.
I
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CHAPTER 6
CHEMICAL MODIFICATION OF POLY(VINYL ALCOHOL) IN IONIC
LIQUID SOLUTIONS
6.1 Introduction
As outlined in chapter 5, poly(vinyl alcohol) (PVOH) is used in numerous
commercial products including thickening and hardening agents for paints and personal
care products, barrier layers in food packaging, and tissue scaffolds'"'^'"^'''^. The
usefiilness of this polymer is extended considerably by either blending or modifying
PVOH to engineer material properties around specific applications' For this reason,
PVOH seems to be an appealing precursor to many functional polymers, but it is
inherently limited by solvent incompatibility and reactivity. Swatloski and Rogers^^
have demonstrated that halogenated imidizolium ionic liquids, such as l-butyl-3-
methylimidizolium chloride (BMIM-Cl) and l-butyl-3-methylimidizolium bromide
(BMIM-Br), are capable of dissolving cellulose, whose structure is similar to PVOH.
Both cellulose and PVOH are semi-crystalline polymers with excessive hydrogen
bonding and are virtually insoluble in most solvents. In addition, pyridinium halide ionic
liquid solutions have been shown to catalyze esterification reactions as reported by Deng
and Qiao, and may also be applicable to BMIM-Cl and other ionic liquids"*^. BMIM-Cl
was therefore chosen as one solvent alternative for PVOH for our research as it is water
stable unlike butylpyridinium chloride-aluminium(III) chloride solutions from previous
1 1 Q
work
. We therefore hypothesized that BMIM-Cl would dissolve PVOH and catalyze
the esterification of this polymer.
This chapter demonstrates two chemical environments in which PVOH can be
dissolved and subsequently modified via esterification and urethanation. Reactions in
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these ionic liquids are shown to be quantitative, and all esterification reactions carried out
in BMIM-Cl are catalyzed by the solvent, reaching complete conversion within minutes.
6.2 Experimental
6.2.1 Materials
Poly(vinyl alcohol) (99+% hydrolyzed, 89,000-98,000 MW), acetyl chloride,
octanoyl chloride, heptafluorobutyryl chloride, pentadecafluorooctanoyl chloride, octyl
isocyanate, dibutyltin dilaurate, and anhydrous pyridine were purchased from Aldrich
Chemical Company and used as received. l-Butyl-3-methyl imidizolium chloride
(BMIM-Cl) was purchased from Fluka Chemical Company and dried at reduced pressure
and 80 °C for 48 hours and stored in sealed round-bottom flasks under a positive pressure
of dry nitrogen until needed. Tributylethylphosphonium diethylphosphate (TBEP^ DEP")
was donated by Cytec and purified as per the procedures for BMIM-Cl.
1
6.2.2 Preparation of Poly(vinyl alcohol) Ionic Liquid Solutions
Poly(vinyl alcohol) / ionic liquid solutions were prepared as follows. PVOH and
the desired ionic liquid were weighed out and placed in scintillation vials to make one
weight percent solutions. A typical formulation would consist of 30 mg of PVOH and
3.0 g of dried ionic liquid. The scintillation vials were capped with rubber septa and
purged constantly with dry nitrogen throughout the polymer dissolution process to
remove any residual water from the polymer / ionic liquid solution. The mixture was
allowed to stir at 90 °C for 18-48 hours or until the PVOH was fiilly dissolved. The
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prepared solutions were used immediately after the polymer was completely dissolved to
avoid absorption of water into the solution.
6.2.3 Light Scattering Measurements of Poly( vinyl alcohol) in Ionic Liquid Solvents
One weight percent PVOH / ionic liquid solutions were filtered using 200 nm
pore - diameter alumina filters purchased from Whatman, and these solutions were
analyzed immediately after filtration. However, filtration of ionic liquids is not trivial.
The viscosity of most ionic liquids is very high 50-2000 cP compared to 0.89 cP for
water, and after the incorporation of polymer into the ionic liquid the viscosity increases
further. In order to filter these solutions, they must be heated to an appropriate
temperature to reduce the viscosity without causing any polymer degradation. This was
done by filling a glass syringe with the polymer / ionic liquid solution and clamping it
vertically in an oven at 90 °C. A small weight was placed on the syringe plunger to keep
a constant force on the syringe, and a glass cuvette was placed under the syringe filter to
collect the solution. A typical filtration takes several hours at 90 °C and the cuvette is
open to air for this time.
Dynamic light scattering measurements were carried out using a 514.5 nm
Coherent Innova 70 laser coupled with a Thorn EMI detector. The solutions were
analyzed at 30 ± 0.1 °C and at several angles between 60 and 90 degrees relative to the
incident beam.
6.2.4 Esterification of Poly(vinyl alcohol) in Ionic Liquid Solvents
Esterification of PVOH was carried out using four different of acid chlorides (See
Figures 6.1 and 6.2), and the reaction conditions varied slightly depending on the chosen
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ionic liquid. A stoichiometric amount (relative to alcohol) of the desired acid chloride
was introduced to a PVOH / ionic liquid solution to obtain a specified extent of polymer
modification, and carried out at 90 °C with constant stirring. Pyridine is a typical
esterification catalyst and acid scavenger thus reactions were carried out both with and
without pyridine. The only difference in the reaction conditions for the different ionic
liquid solutions was the time allotted for the reactions to take place. PVOH / TBEP"*^
DEP' solutions were allowed to react for 1 hour whereas PVOH / BMIM-Cl solutions
were allowed to react for 1 5 minutes as the reactions were found to reach full conversion
in these allotted times. A summary of the reactions carried out in this study is compiled
in Table 5.1. The resulting polymer products were precipitated from the ionic liquid with
a non-solvent, which varied depending on the extent of PVOH modification. Water was
an appropriate non-solvent for conversions above 50%, whereas chloroform was used for
conversions below 50%. The precipitate was isolated by centrifugation and washed three
times with the non-solvent to remove any residual ionic liquid. The polymer was then
dried at reduced pressure and 60 °C and stored in sealed scintillation vials.
o
HCl
R
Figure 6. 1 : Representative esterification reaction ofPVOH with an acid chloride.
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Figure 6.2: Chemical structures of the acid chloride reagents used for the esterification of
PVOH.
6.2.5 Urethanation of Poly( vinyl alcohol) in Ionic Liquid Solvents
Urethanation of PVOH was carried out with octyl isocyanate in a manner similar
to the esterification reactions mentioned previously (Figure 6.3). A stoichiometric
amount of octyl isocyanate was introduced to PVOH / ionic liquid solutions to obtain the
desired extent of polymer modification and reacted with and without dibutyltin dilaurate,
a typical urethanation catalyst. All reactions were carried out at 90 °C with constant
stirring and were allowed to react for 18-24 hours. Polymer purification and isolation
methods were equivalent to the isolation of the synthesized polyesters mentioned
previously.
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R — -CH2(CH2)gCH3
Figure 6.3: Representative urethanation reaction ofPVOH with an isocyanate.
6.2.6 Characterization of Synthesized Polymers
All resulting modified polymers were analyzed by attenuated total reflectance
infrared spectroscopy using a Horiba Jobin Yvon HR800 spectrometer equipped with an
ATR-IR lens and X-ray photoelectron spectroscopy using a Quantum 2000 Scanning
ESCA microprobe (Physical Electronics). 100% modified, unfluorinated polymers were
found to redissolve in chloroform and were analyzed by nuclear magnetic resonance
spectroscopy (NMR) carried out using a Bruker-Spectrospin 300Hz Nuclear Magnetic
Resonance Spectrometer. All other polymer products were insoluble in typical NMR
solvents.
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Sample IL Reagent Catalyst
Reaction
Time
Theoretical
Conversion
Actual
Conversion
1M-ACI-1()() BMIM-Cl
Acetyl
Chloride
No 10 min. 100% 100 %
IM-OCl-100 BMIM-Cl
Octanoyl
Chloride
No 10 min. 100% 100%
IM-OCI-80 BMIM-Cl Octanoyl
Chloride
No 10 min. 80 % 90 % *
IM-OCl-25 BMIM-Cl Octanoyl
Chloride
No 10 min. 25% 40 % *
IM-OCl-10 BMIM-Cl Octanoyl
Chloride
No 10 min. 10% 14 % *
IM-PFOCl-
100
BMIM-Cl Perfluoro
O-Cl
No 10 min. 100% 100% *
IM-OIso-100 BMIM-Cl Octyl
isocyanate
Yes 48 hrs. 100% 85 % *
PP-OCl-100
TBEP^
DEP"
Octanoyl
Chloride
Yes 1 hr. 100% 10% *
PP-OIso-100
TBEP^
DEP
Octyl
isocyanate
Yes IS hrs. 100 % 100 %
PP-OIso-75
TBEP^
DEP"
Octyl
isocyanate
Yes 18 hrs. 75 % 75 % *
PP-OIso-25
TBEP^
DEP
Octyl
isocyanate
Yes 18 hrs. 25 % 25 % *
Table 6.1: Experimental conditions and resulting reaction times and yields for all
experimental trials at 90°C. Experimental conversions were calculated by 'H NMR
unless noted with an *, in which case the conversions were estimated by the ATR-IR
spectra, since the partially converted polymers could not be dissolved for NMR analysis.
Sample notation is as follows IM = BMIM-Cl, PP = TBEP^ DEF, ACl = acetyl chloride,
OCl = octanoyl chloride, PFOCl = perfluorooctanoyl chloride, OIso = octyl isocyanate,
and the number denotes the extent of modification.
6.3 Results and Discussion
6.3.1 Dynamic Light Scattering ofPVOH Solutions
TBEP^ DEP", BMIM-Cl, DMSO, and water solutions with one weight percent
PVOH were analyzed by dynamic light scattering to ensure that the polymer was soluble
in the respective solvents. The characteristic decay rates (F) of PVOH in solution were
analyzed with respect to the square of the scattering vector (q). By plotting T vs q^, the
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characteristic hydrodynamic radius of a polymer can be determined in a specific solvent.
The scattering vector is expressed as
^ A7rr]\ . (0^
sm
v2y
Eq. 6.1
V /I y
where r\ is the refractive index of the solvent, X the wavelength of the incident beam, and
0 is the scattering angle. The slope of the line resulting from plotting F vs. is the
diffusion coefficient (Do) of the polymer in a specific solvent which can be expressed as
^ kT _ ,
—
.
Do = Eq. 6.2
where k is the Boltzmann constant, T is the temperature, r|o is the viscosity of the pure
solvent, and /?/, is the hydrodynamic radius. Rearranging equation 6.2 we can determine
the hydrodynamic radius of the polymer.
kT
R, = Eq. 6.3
Solvent Refractive Index Viscosity (cP)
Water 1.33 0.89
DMSO 1.50 2.00
TBEP^ DEP" 1.48' 600*
Table 6.2: Solvent parameters used for calculating hydrodynamic radius of PVOH by
dynamic light scattering. Accepted literature values for refractive index and viscosity
were used for the dynamic light scattering analysis unless indicated (*). The values for
refractive index and viscosity of TBEP"^ DEP" were determined experimentally using a
Bausch and Lomb refractometer and a U-tube viscometer respectively.
The solvent parameters used for the dynamic light scattering analysis of PVOH are
shown in Table 6.2. PVOH solubility was confirmed in both TBEP^ DEP" and water by
dynamic light scattering. A representative correlation curve and resulting plot of F vs. q
for each PVOH solution is shown for water (Figure 6.4 and 6.5 respectively) and TBEP"^
DEP" (Figure 6.6 and Figure 6.7 respectively). The inconsistency in scattering data for the
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PVOH / TBEP* DEP" plot of F vs. is most likely do to the difficulty experienced in
filtering these solutions, as the cuvette was exposed to open air for the three hours of
filtration and may have a small amount of dust in solution. The hydrodynamic radii of
PVOH (89,000-98,000 : 99% hydrolyzed) in water and TBEP^ DEP" were measured to be
10.9 nm and 5.5 nm respectively. The observed hydrodynamic radius of PVOH in water
is in good agreement with values reported in literature"*^. The observed hydrodynamic
radius of PVOH in TBEP^ DEP" (5.5 nm) is similar to PVOH in aqueous sodium
tetraborate solutions (5.5-6.5 nm)'^".
Scattering experiments of BMIM-Cl/PVOH and of DMSO/PVOH solutions
showed inconclusive results. The BMIM-Cl/PVOH solutions are fluorescent under
illumination from the laser and therefore, the hydrodynamic radius of PVOH in BMIM-
Cl could not be determined. The DMSO/PVOH solutions showed inconclusive results
due to the similarity of the refractive indices of PVOH (1.50) and DMSO (1.48). A
refractive index difference of at least 0.3 is ideal for dynamic light scattering
measurements.
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Figure 6.4: Plot of a representative time correlation curve of a 1 weight % PVOH/water
solution at 25 °C and a scattering angle of 70 degrees.
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Figure 6.5: Graph of correlation time vs. scattering vector of a 1 weight % PVOH/water
solution showing a linear correlation from which hydrodynamic radius has been
calculated.
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Figure 6.6: Plot of a representative time correlation curve of a 1 weight % PVOH/ TBEP
DEP' solution at 25 °C and a scattering angle of 80 degrees.
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Figure 6.7: Graph of correlation time vs. scattering vector of a 1 weight % PVOH/
TBEP^ DEP' solution showing a linear correlation from which hydrodynamic radius has
been calculated.
6.3.2 Esterification ofPVOH in Ionic Liquids
6.3.2.1 Esterification of PVOH in BMIM-Cl
The modification of poly(vinyl alcohol) was carried out with several acid chlorides.
Esterifications were run both with and without pyridine catalyst, and there was no
apparent difference seen in the reaction kinetics, suggesting that BMIM-Cl acts as a
catalyzing solvent. Esterifications run with a slight excess of acid chloride compared to
hydroxyl groups were used to determine the percent conversion of alcohol to ester as well
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as to determine the time at which the reactions reached the final conversion. It was
determined from IR spectroscopy that all esterification reactions reached 100%
conversion in under ten minutes at 90 °C without the presence of pyridine catalyst. From
Figures 6.8 and 6.9 it is apparent that the OH stretch at 3200 cm ' fi-om the unmodified
PVOH has completely disappeared and the prominent carbonyl stretch is observed at
1730cm"'. PVOH modified with perfluorinated acid chlorides also show C-F stretching
at 1200 cm"' and 1150 cm"' characteristic of trifluoromethyl and difluoromethylene
groups respectively.
The complete conversion of acetyl and octanoyl chloride modified PVOH was
confirmed by NMR (Figure 610. and 6.11). While esterifications of PVOH with acid
chlorides have been reported on several occasions, it is extremely difficult to obtain
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reaction yields of PVOH higher than 95% or in less than several hours . The reaction
conditions established for the esterification of PVOH in BIMIM-Cl result in complete
conversion in 10-15 minutes. In addition, good controllability over the esterification of
PVOH is observed from Figure 6.12. PVOH can be modified to the desired extent by
adding the appropriate molar ratio of acid chloride to alcohol.
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Figure 6.8: ATR-IR spectra of 100% acid chloride modified polyvinyl alcohol showing
the complete disappearance of the -OH stretch in the region between 3000 and 3500 cm"^
and the prominent carbonyl stretch at 1730''.
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Figure 6.9: ATR-IR spectra of 100% perfluorinated acid chloride modified polyvinyl
alcohol showing the complete disappearance of the -OH stretch in the region between
3000 and 3500 cm"' and the prominent carbonyl stretch at 1730 cm"'. C-F stretching at
1200 cm"' and 1150 cm"' trifluoromethyl and difluoromethylene groups can also be
observed for the modified polymer.
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Figure 6.10: 'H-NMR spectrum of 100% acetyl chloride modified PVOH (IM-A-Cl-
100).
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Figure 6.11: 'H-NMR spectrum of 100% octanoyl chloride modified PVOH (IM-O-Cl-
100).
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Figure 6.12: ATR-IR of PVOH modified to varying extents with octanoyl chloride as
indicated above.
6.3.2.2 Esterification ofPVOH in TBEP^ DEF
The esterification of PVOH in TBEP^ DEP" was also carried out to complete
conversion and easily controlled. The reaction kinetics are only slightly slower than in
BMIM-Cl as complete conversion of PVOH to the desired polyester can be obtained
without catalyst in about 1 hour at 90 °C. Unlike BMIM-Cl which has a melting point
around 70 °C, TBEP^ DEP' is a liquid at room temperature and is able to dissolve PVOH
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at room temperature. Complete conversion of PVOH to the desired polyester can be
obtained within 18 hours at room temperature. This allows for an added level of
controllability when chemically modifying PVOH as the reaction kinetics can be tuned
by adjusting the temperature of the reaction.
6.3.3 Urethanation of PVOH in Ionic Liquids
Urethanation of PVOH with octyl isocyanate was also carried out in both ionic
liquid solvents, however BMIM-Cl proved to be a poor solvent for these reactions as
little to no reaction occurred. Alternatively, urethanation reactions carried out in TBEP^
DEP" were carried out to complete conversion although the reaction kinetics were
significantly slower (48 hrs at 90 °C) than the esterification reactions. Also the addition
of dibutyltindilaurate catalyst is required. Complete conversion and reaction
controllability were confirmed by IR (Figure 6.13). The NMR spectrum of PP-Oiso-100
also confirms that complete modification of PVOH has occurred (Figure 6.14). As
mentioned previously, the -OH stretch at 3200 cm"' decreases in intensity with an
increased extent of modification and disappears completely at 100%. As more urethane
linkages are formed the appearance of the carbamate IR characteristics at 1578 cm'',
1612 cm"', 1690 cm"', and 3325 cm"' are apparent. The first two representative
carbamate peaks are associated with the carbamate C-N and C-0 respectively, the third
peak is associated with the C=0 stretch and the peak at 3325 cm"' is associated with the
N-H stretch.
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Figure 6.13: ATR-IR of 100% octyl isocyanate modified PVOH showing the complete
disappearance of the -OH stretch in the region between 3000 and 3500 cm"' and the
appearance of the characteristic carbamate peaks at 1578 cm"', 1612 cm"', and 1690 cm"'
and N-H stretch at 3325 cm"'.
The NMR spectrum of the resulting octyl isocyanate polyurethane shown in
Figure 6.14 confirms the complete conversion from PVOH, however one discrepancy in
the spectrum is the absence of the peak for the N-H proton, which should appear between
5-6 ppm. The absence of this peak may be due to the rapid proton association /
dissociation rate typical of this acidic carbamate proton, which is difficult to capture
using solution NMR.
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Figure 6.14: NMR spectrum of PVOH modified with octyl isocyanate (PP-O-Iso-
100). The N-H peak (9) is not observed in this spectrum, most likely do to the high
dissociation rate that is typical of carbamate N-H moieties.
6.4 Conclusions
Two ionic liquids have been found to be viable solvents and inert reaction media
for the simple modification of poly(vinyl alcohol). We have rigorously analyzed the
solubility of PVOH in TBEP^ DEP' by dynamic light scattering. Although the dynamic
light scattering results for 1% PVOH / BMIM-Cl are inconclusive, we are certain that
PVOH is also soluble in BMIM-Cl. Both BMIM-Cl and TBEP^ DEP" were demonstrated
to accommodate the quantitative esterification of PVOH without the aid of additional
catalyst. The reaction kinetics of the esterification reactions are significantly faster than
previously reported in literature and complete conversion can be achieved in under ten
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minutes in BMIM-Cl. While esterifications are slightly slower in TBEP"^ DEP' (1 hour),
more controllability over the esterification reaction can be achieved as this solvent has a
lower melting point than BMIM-Cl and can accommodate lower reaction temperatures.
Quantitative urethanation of PVOH has also been demonstrated in TBEP^ DEP"
although reaction kinetics are slow and a catalyst must be incorporated into the reaction.
BMIM-Cl did not, however, accommodate urethanation of PVOH under the specified
reaction conditions.
The quantitative and controllable modification of poly(vinyl alcohol) under
simple, inert reaction conditions provides an alternative method to easily synthesize and
study several materials from one polymer precursor. These materials can then be
engineered with the desired chemical and mechanical properties by controlling the type
and amount of fiinctionality.
i
'i
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CHAPTER 7
ANALYSIS OF THE IONIC LIQUID / AIR INTERFACE: DIRECTING
POLY(VINYL ALCOHOL) TO THE SURFACE VIA SURFACE ACTIVE
FUNCTIONALIZATION
7.1 Introduction
Controlling the surface properties of a material, whether it be a solid or a liquid,
can have profound effects on how that surface interacts with other surfaces. Surface and
interfacial tension'^^ '", adsorption / desorption'""''^ adhesion'"^''^^''^^ wettability'^^
lubricity'^'^''^*^, and biocompatibility'^' '^^ are just a few surface and interface dominated
properties that can be tuned as a function of the chemical nature of the surface or
interface. Poly(vinyl alcohol) (PVOH) has received avid attention in the realm of surface
and interface science due to the versatility and chemical tunability of this polymer. We
are interested in exercising the chemical tunability of PVOH by partially esterifying this
polymer with low surface energy substituents in the solution phase and looking at the
interfacial properties of the resulting solutions.
Hydrophobically associating water-soluble polymers such as partially modified
(or incompletely saponified) PVOH exhibit interesting properties when in
solution'^^ '^^ '^"*. The hydrophobic component of water-soluble polymers plays a role in
manipulating inter- and intramolecular interactions, and can ultimately lead to polymer
adsorption at interfaces, polymer aggregation, viscosification, and drag reduction of
fluids. In addition, these polymers are typically surface active as the hydrophobic groups
are usually low surface energy substituents and effectively reduce the surface energy of
the solvent by adsorbing to the liquid / air interface. The resulting solution properties
have direct impact on applications such as surfactants, coatings, drug delivery systems.
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drag reduction fluids, and oil recovery fluids Electrospinning of polymer
solutions is another relevant application for hydrophobically modified water-soluble
polymers and has received great interest in recent years. This fabrication method
produces nanometer to micron sized fibers by drawing a polymer solution to a substrate
via electrostatic interactions. These fibers are typically drawn on a flat substrate to form
non-woven polymer fabrics that can be used as tissue scaffolds, membranes, and
filters'"^''^^. The properties of the resulting fibers are acutely sensitive to the properties
of the solutions from which they are spun. It has been shown that the diameter of the
fibers that result from electrospinning is dependent on the molecular weight of the
1 03 137
polymer, polymer concentration, solution viscosity, and solution surface tension ' .
Recent efforts have reported on the electrospinning of polymers using ionic liquids and
have demonstrated that the increased viscosity of this solvent is advantageous to the
137 138
spinning process, however relatively high surface tensions may still be an issue ' .
While this chapter will not look at the electrospinning behavior ofPVOH in ionic liquids,
the work presented herein will have a direct impact on this and other applications where
the solution' surface properties are quintessential to the resulting products.
The previous chapter demonstrates that the modification of poly(vinyl alcohol) in
ionic liquids is simple, quantitative and in particular cases, much faster than other
established methods. In this chapter, the chemical methods described previously will be
used to partially modify PVOH with low surface energy substituents in an attempt to
direct the polymer to the ionic liquid / air interface. Ionic liquid surface characteristics,
namely surface tension and chemical composition, will be studied as a function of the
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extent of polymer iunctionalization to PVOIl with octanoyl chloride and
perfluorooctanoyl chloride.
7.2 Experimental
7.2.1 Materials
Poly(vinyl alcohol) (99+% hydrolyzed, 89,000-98,000 MW), octanoyl chloride,
and pentadecafluorooctanoyl chloride were purchased from Aldrich Chemical Company
and used as received. l-Butyl-3-methylimidizolium chloride (BMIM-Cl) was purchased
from Fluka Chemical Company and dried at reduced pressure and 80 °C for 48 hours and
stored under dry nitrogen until needed. Tributylethylphosphonium diethylphosphate
(TBEP DEP") was donated by Cytec and purified as per the procedures for BMIM-Cl.
7.2.2 Partial Esterification ofPVOH
Esterification reactions were carried out via methods described in the previous
chapter thus an abbreviated procedure will be presented here. Only two reagents
(octanoyl chloride and perfluorooctanoyl chloride) were chosen for this work as they are
expected to have the highest surface activity of the reagents used in the work described in
chapter six. Reagents were quantitatively added to a prepared, 1 wt.% PVOH / ionic
liquid solution and allowed to react at 90 °C for 10 or 15 minutes for perfluorooctanoyl
chloride and octanoyl chloride respectively. The extent of PVOH fiinctionalization was
controlled between 4-15% or 5-20% for perfluorooctanoyl chloride and octanoyl
chloride, respectively. Table 7.1 illustrates the reaction conditions for each trial. To
determine the extent of reaction, polymers were isolated from the ionic liquid by
precipitation and washing with chloroform they were then analyzed by attenuated total
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reflectance infrared spectroscopy (ATR-IR) and X-ray photoelectron spectroscopy
(XPS). Separate solutions were prepared for the surface analysis of the ionic liquids and
polymer / ionic liquid solutions. These solutions were prepared using identical reaction
conditions, except that the polymer was not isolated. The solutions were dried at reduced
pressure and 60 °C for 18 hours and stored in sealed scintillation vials until they were
required for analysis.
Sample IL Reagent
Reaction
Time (min)
Theoretical
Conversion
PVOH/BMIM BMIM-Cl 0 0%
IM-O-Cl-5 BMIM-Cl Octanoyl
Chloride
15 5%
IM-O-Cl-10 BMIM-Cl Octanoyl
Chloride
15 10%
IM-O-Cl-20 BMIM-Cl Octanoyl
Chloride
15 20%
IM-PFO-Cl-4 BMIM-Cl Perfluoro 0-Cl 10 4%
lM-PFO-Cl-7 BMIM-Cl Perfluoro O-CI 10 7%
IM-PFO-Cl-15 BMIM-Cl Perfluoro 0-Cl 10 15 %
Table 7.1: Experimental conditions and resulting reaction times and yields for all
experimental trials at 90 °C.
7.2.3 Surface Characterization of Ionic Liquids and Polymer / IL Solutions
Surface tension and surface chemical composition and were analyzed for all ionic
liquids, polymer / ionic liquid solutions, and modified polymer / ionic liquid solutions to
study the change in ionic liquid surface characteristics with different extents of
fiinctionalized PVOH. Surface tension was determined by the Wilhelmy Plate method
and chemical composition was determined by XPS. XPS analysis was carried out using a
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Quantum 2000 Scanning ESCA microprobe (Physical Electronics). All samples were
sufficiently dried before XPS analysis. A drop of each sample was placed on an
aluminum substrate and allowed to degas in the intro chamber of the XPS at reduced
pressure (2x10"^ torr). All samples were then analyzed at a set 45° take off angle.
A schematic of the experimental setup for the surface tension measurements is
shown in Figure 7.1. A Langmuir-Blodgett tensiometer was calibrated by taring the
microbalance with the probe suspended in air and subsequently placing the probe in
deionized water to measure the tensile force on the probe. This force was calibrated to a
surface tension of 72.8 dynes/cm. The probe was moved to the desired solution and the
surface tension was recorded. The probe was cleaned after each measurement by
washing with copious amounts of distilled water and placed in distilled water again to
ensure that the probe was not contaminated. If the surface tension of the distilled water
did not read 72.8 ± 0.3 dynes/cm, the probe was cleaned by placing it over a Fisher
burner for 5 seconds.
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Microbalance
Figure 7.1: A schematic representation of the Wilhelmy plate setup equipped with a steel
probe that was lowered to just touch a liquid droplet supported on a Teflon substrate. A
microbalance was used to determine the tensile force on the steel probe from the liquid
droplet.
From Wilhelmy Plate theory, the force, F, measured on the probe by the
tensiometer is
F = p^gV + Cycos{6)- Pi^gAh Eq. 7.1
where ps is the density of the probe, g is the acceleration due to gravity, V is the volume
of the probe, C is the circumference of the probe, y is the surface tension of the liquid, 6
is the contact angle of the liquid with the probe, pi is the density of the liquid, A is the
cross sectional area of the probe, and h is the immersion depth of the probe in the liquid.
One assumption that is made in this analysis is that the contact angle of the liquid on the
probe is 0° thus cos0 = 1. Since we know the parameters for water (pz. = 1.0 g/cm^, y =
72.8 dyne/cm) we can calibrate the force to the surface tension of water. It is then
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possible to calculate the surface tension of another liquid by measuring a difference in the
force experienced on the tensiometer relative to that of water by:
^r^^ Eq.7.2
7.3 Results and Discussion
7.3.1 Characterization of Isolated Partially Modified PVOH
BMIM-Cl was chosen as the solvent for the partial esterification of PVOH as it is
a catalyzing solvent for the reaction of acid chlorides with alcohols. Additionally this
particular ionic liquid has a relatively high surface tension, thus can be affected to a
greater extent by the adsorption of low surface energy substituents to the ionic liquid / air
interface. This will be discussed in more detail in the following section. As
demonstrated in the previous chapter, controllable modification of PVOH with octanoyl
chloride and perfluorooctanoyl chloride is achieved using BMIM-Cl. Each of the
partially modified polymers was isolated by precipitation and purification in chloroform.
The resulting polymers were analyzed by IR (Figure 7.2 and 7.3) and XPS (Figure 7.4)
confirming that the modification had taken place. XPS analysis of the partially octanoyl
chloride-modified PVOH was inconclusive as the elemental concentrations of the
unmodified PVOH compared to the partially modified polymer were calculated to be
nearly identical.
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Figure 7.2: ATR-IR of isolated, partially octanoyl chloride-modified PVOH (IM-OCl-X,
where X is the % modification) showing the depletion of the hydroxy 1 stretch and the
appearance of the carbonyl stretch.
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Figure 7.3: ATR-IR of isolated, partially perfluorinated octanoyl chloride-modified
PVOH (IM-PFOCl-X, where X is the % modification) showing the depledon of the
hydroxyl stretch and the appearance of the carbonyl stretch. C-F stretching at 1200 cm"'
and 1 150 cm"' trifluoromethyl and difluoromethylene groups can also be observed for the
partially modified polymers.
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Figure 7.4: XPS spectra of isolated, partially perfluorinated octanoyl chloride-modified
PVOH (IM-PFOCl-X where X is the % modification).
7.3.2 Surface Tension of Ionic Liquid and Polymer / Ionic Liquid Solution Surfaces
Table 7.2 shows the surface tension data for the pure ionic liquids and the ionic
liquid / polymer solutions before and after modification. TBEP^ DEP" has a relatively
low surface tension, (comparable to toluene at 28.4 dynes/cm). The incorporation of I
weight percent (wt. %) PVOH seems to decrease the surface tension of this ionic liquid
slightly, and modification of 15% of the PVOH hydroxyl groups to perfluorinated esters
does not reduce the surface tension further, however. In contrast, the incorporation of 1
wt. % PVOH in BMIM-Cl does not reduce the surface tension of the pure ionic liquid,
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while modification of the PVOH to a minimal extent with hydrophobic substitucnts
shows a significant reduction in the surface tension of the ionic liquid. It was expected
that perfluorooctanoyl chloride, having the lower surface energy, would decrease the
surface tension to a greater extent than octanoyl chloride, and the data clearly shows that
this is the case. Converting 4% of the hydroxyl groups to perfluorinated esters results in
a decrease in surface tension from 45.0 dynes/cm (1% Unmodified PVOH in BMIM-Cl)
to 24.5 dynes/cm (IM-PFOCl-4). IM-OCl-5 decreases the surface tension to a lesser
extent (32.9 dyne/cm). Increasing the extent of modification from 5% to 10% and 4% to
7% for octanoyl chloride and perfluoroctanoyl chloride respectively decreases the surface
tension ftirther. Doubling the extent of modification again to 20% and 15% does not
lower the surface tension appreciably. This can be explained by the saturation of the
ionic liquid / air interface with surface active functionality. As with any typical
surfactant, the low surface energy amphiphile adsorbs to the liquid / air interface thus
reducing the surface tension of the liquid. The surfactant continues to adsorb to the
interface until a saturation point is reached, and the liquid surface tension is at a
minimum. At this point the surface tension of a liquid will not decrease by adding more
surfactant. Additional surfactant will not adsorb at the surface, but will in most cases
aggregates into micelles'^^'^^^.
In an attempt to address concerns about the existence of residual impurity in the
samples, each solution was washed three times with 4 mL of THF. One impurity that
may exist in these solutions is the carboxylic acid resulting from the hydrolysis of the
acid chloride with residual water. THF can dissolve these acids while leaving the
polymer in the ionic liquid solution. From Table 7.2 it can be see that after the THF
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washing step, the surface tension increases sHghtly in all cases. This may suggest that
THF has removed some surface active moiety, however it is unclear if that moiety is the
resulting carboxylic acid or a small amount of the surface active polymer. It is also
possible that the presence of THF can affect the orientation of the absorbed polymer as an
ionic liquid / THF interface is much different that an ionic liquid / air interface.
Sample
Y (neaf^
/
y (THF washed)
c F o N CI
Pure TBEP^ DEF 29.8 72.5 <0.1 19.2 7.5* N/A
1% rVUH in irsbr
DEP"
28.4 72.1 <0.1 19.7 7.6* N/A
PP-PFOCl-15-Sol 28.8 55.4 24.7 15.1 4.8* N/A
Pure BMIM-Cl 44.5 75.0 <0.1 <0.1 17.0 8.0
1% PVA in BMIM-Cl 45.0/43.7 74.9 <0.1 1.5 16.9 6.7
IM-OCI-5-Sol 32.9/34.4 74.6 <0.1 5.5 13.3 6.6
IM-OCl-10-Sol 30.3 / N/A 74.4 <0.1 6.3 12.8 6.3
IM-OCl-20-Sol 29.1 /27.7 73.3 <0.1 6.5 12.2 6.0
IM-PFOCl-4-Sol 24.5 /28.8 56.6 19.2 4.7 11.8 5.7
IM-PFOCl-7-Sol 20.3 /26.2 57.2 23.9 4.1 10.1 4.7
IM-PFOCl-15-Sol 18.8/25.4 54.5 27.5 4.5 9.7 3.9
IM-PFOCI-15-Sol
(THF Washed) 25.4 57.8 22.9 3.8 10.9 3.8
Table 7.2: Surface tensions of ionic liquid and ionic liquid / polymer solutions measured
by the Wilhelmy plate method and their corresponding surface chemical compositions
measured by XPS. All surface tension values (y) are given in dynes/cm. indicates
phosphorous (P) concentration instead of nitrogen. Sample notation is as follows IM =
BMIM-Cl, PP = TBEP^ DEP", OCl = octanoyl chloride, PFOCl = perfluorooctanoyl
chloride, and the number denotes the extent of modification.
7.3.3 XPS of Ionic Liquid and Polymer / Ionic Liquid Solution Surfaces
X-ray photoelectron spectroscopy of the ionic liquid surfaces and the polymer /
ionic liquid solutions before and after polymer modification were attempted to quantify
the chemical composition of the surface of these liquids and solutions. Figure 7.5 and 7.6
show the spectra of each pure ionic liquid and the unmodified 1% polymer / ionic liquid
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solution. Both pure ionic liquids show only the elements at the surface that are expected
from the chemical composition of each ionic liquid. After the incorporation of 1 wt %
PVOH into BMIM-Cl, oxygen is also present indicating that the PVOH is visible at the
surface by XPS. There is also a slight increase in the oxygen content for the 1 wt. %
PVOH / TBEP^ DEP" solution however it is difficult determine if this is a true increase as
this increase is on the order of the experimental error for this particular instrument. After
partially modifying the PVOH with low surface energy substituents we can see a change
in the surface chemical composition for both low surface energy substituents. Looking at
the octanoyl chloride modified PVOH / BMIM-Cl solutions in Table 7.2, we see an
increase in the oxygen content at the surface suggesting that the PVOH has been driven
to the interface. From Figure 7.7 and Table 7.2 it is apparent that the fluorine content at
the ionic liquid surface increases with increasing perfluorooctanoyl chloride modification
also suggesting that the perfluorinated substituent is driving the polymer to the ionic
liquid / air interface.
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Figure 7.5: XPS spectra of BMIM-CI before and after incorporation of PVOH.
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Figure 7.6: XPS spectra of TBEP^ DEP" before and after incorporation of PVOH.
129
F1s
C1s
IM-PFOCI-7-Sol
IM-PFOCI-4-Sol
N1s
01s
CI2sCI2p
1 wt.% PVOH / BMIM-CI
T
1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)
Figure 7.7: XPS spectra of modified PVOH in BMIM-Cl indicating the presence of
fluorine at the ionic Hquid surface.
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It was expected that perfluorooctanoyl chloride, having the lower surface energy,
would decrease the surface tension to a greater extent than octanoyl chloride, and the data
agrees with the expected results. It was also expected that increasing the extent of
modification would decrease the surface tension further and increase the fluorine content
at the ionic liquid / air interface for perfluorinated octanoyl chloride modified PVOH.
These trends are also observed.
Although the expected trends for the surface tension and chemical composition
results were observed, there are two possible explanations that could yield these results.
The first explanation is that the partially modified polymer has been driven to the surface
by the low surface energy substituents and adsorbed to the ionic liquid / air interface.
The other explanation is that a small amount of impurity exists in the sample which is
surface active leading to the same expected outcome. We believe that the former event is
occurring for the following reasons. First, we have shown in the previous sections that
all esterifications of PVOH are quantitative and complete within 1 5 minutes suggesting
minimal side reaction. Second, XPS is a high vacuum technique typically limited to the
analysis of solid samples. Ionic liquids have negligible vapor pressure thus are able to be
analyzed by XPS, while standard liquids and organic small molecules have a measureable
vapor pressure and can not be analyzed by high vacuum techniques. The ability to
analyze the prepared modified polymer / ionic liquid samples by XPS suggests that the
surface active moiety is either a macromolecule such as the partially modified PVOH
with no vapor pressure or a small molecule impurity that is irreversibly adsorbed to the
ionic liquid / air interface.
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At this point, we cannot confidently discern whether an impurity or the modified
polymer has lead to the reduction in surface tension, however we do suspect that the
modified polymer is responsible for the observed results.
7.4 Conclusions
IR and XPS confirm that PVOH has been partially esterified with low surface
energy substituents in chemically inert ionic liquids as indicated by the analysis of the
isolated polymers. The corresponding modified-polymer / ionic liquid solutions show
that fluorine moieties are highly surface active in BMIM-Cl, however there is no
definitive proof that the low surface energy moieties are chemically bound to PVOH or if
they are present as products of side reactions. It is clear, however, that the surface
tension of each modified polymer / BMIM-Cl solution was dramatically decreased and
can be tuned by adjusting the type and extent of chemical substituent. XPS results show
that the oxygen and fluorine content at the surface of modified PVOH / ionic liquid
solutions increases with increasing theoretical functionalization of PVOH and
complement the observed surface tension results.
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